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ABSTRACT 


! 


Systems  to  generate  high  power  levels  frequently  operate  at  high 
voltage,  and  their  design  requires  sjjecial  knowledge  of  dielcetric  and  switch¬ 
ing  technology.  The  treatment  of  these  technologies  in  this  report  starts 
with  a  discussion  of  electric  field  analy.sis  then  covers  insulation  and  switch¬ 
ing  in  the  four  dielectric  media:  namely  gas,  liquid,  snlirl  and  vacuum.  An 
extensive  search  of  the  literature  produced  a  listing  of  rtdevant  hooks,  re¬ 
ports  and  papers  atui  the  eslai’ilisluTK'nt  of  a  punrhefl  card  classification  anri 
retrieval  system  spt'eially  (lt'.sign<‘d  for  the  sulijeet  anui. 

(Distribution  Limitation  Statement  B) 
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Sl!;CTION  1 


IN T  HO  DUCT  ION 

The  need  to  simulate^  without  fusion,  the  radiation  phenomena 

produced  by  nuclear  devices  has  led  to  the  development  over  the  last  decade 

of  new  technology  which  is  broadly  applicable.  In  most  cases  simulation  has 

required  the  i)roduction  of  very  liigl'.  power  transients,  generated  usually  by 

the  delivery  of  energy  stored  electrostatically  through  a  suitable  switching 

system.  As  a  consequence  of  tlie.se  activities  .significant  advances  have  been 

made  in  high  voltage  teclmology,  specifically  in  tlie  engineering  of  dielectrics 

\ 

and  high  power  closing  switehes--tlie  suhJiM-t  ih'  ‘his  volume. 

Tlio  prime  purpose  of  this  text  is  to  provide  a  condensation  of  the 
bxtensive  but  scatli'i’cd  information  on  dielccirie.s  and  switching  to  facilitate 
high  voltage  design.  All  available  sources  of  information  have;  been  used  in¬ 
cluding  govermncnl  reports,  some  of  wliicli  eover  large  development  pro¬ 
grams  on  high  voltage  equipment.  Li  such  reports  the  information  on  dielec¬ 
trics  is  soinetuiics  significant  but  not  iiromimmtly  adverti.scd.  In  general 
the  objective  is  to  [U'oviUe  a  design  liaiidbooK;  theorei  ie;i  L  Irealment  is 
minimized  but  willi  appropriate  references  for  further  study. 

Dielectrics  arc  used  in  higli  voltage  systems  not  only  as  insula¬ 
tion  but  us  eiKU'gy  storage  media,  the  commonest  storage  device  being  the 
capacitor,  usually  witli  [laper  dielectric.  In  general,  dielectric  quality  can 
be  reprcsen'.-i  d  by  tile  maximum  electric  field  (I'Jm)  supptjrtable  in  a  particular 
set  of  cifc;um.slances.  The  choice  of 'a  suitable  insulant  would  seem  then  to 
be  simply  a  mutter  of  choosing  the  most  economic  medium  which  would  sup¬ 
port  the  stress.  The  choice  of  a  dielectric  for  energy  storage  would  similarly 

2 

be  related  to  the  energy  density  required  ( 1 /‘2  0  e  E  ).  These  statements 

t'  -1  r  o  ni 
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art'  truo,  but  the  judgment  is  not  simple,  primarily  because  the  maximum 
oloctric  field  which  can  be  supported  is  determined  to  varying  degrees  by  the 
particular  circumstances,  as  we  will  see  as  the  text  progresses.  As  an  ex¬ 
ample,  the  maximum  field  is  determined  not  only  by  the  size  of  the  system 
to  be  insulated,  but  also  by  the  time  during  which  the  stress  is  sustained. 
Relatively  high  stresses  can  be  supported  for  short  times,  for  example  in 
liquids.  This  fact  is  used  in  pulse  power  systems  where  large  energies  have 
to  be  delivered  quickly,  by  using  intermediate  energy  storage  elements,  or 
power  concentrators.  These  concentrators  arc  pulse  charged  and  hold  their 
energy  only  briefly  before  delivery  to  the  load  or  transmission  system. 

High-power  transmission  systems,  or  lines,  obviously  have  to  be 

carefully  insulated.  In  selecting  a  dielectric  for  a  line,  it  should  be  remem- 

2 

bored  that  for  energy  flow  the  figure  of  merit  is  proportional  to  ./T"  E 

2  ^  r  m 

and  not  to  e  E  as  it  is  for  energy  storage,  so  that  with  all  circumstances 
r  m 

being  equal  (area,  stress  duration,  etc.)  it  is  not  necessarily  the  case  that 
the  best  storage  medium  is  also  llie  best  transmission  medium.  This  differ¬ 
ence  can  be  attributed  to  tli('  dependence  of  the  propagation  velocity  on  the 
dielectric  constant  of  the  medium. 

The  desire  for  high-energy  dmisity  in  energy  storage  or  transmis¬ 
sion  systems  is  usually  ba.sed  on  the  need  for  compactness,  mobility  perhaps, 
and  overall  economy.  However,  in  some  caisi's  the  energy  density  achievable 
determines  technical  feasibility.  This  will  bi;conie  obvious  from  the  following- 
considerations,  wliere  for  simplicity  the  example  taken  is  a  coaxial  energy 
storage  system,  whicli  is  a  fairly  common  .situation.  The  system  delivers  its 
energy  in  a  i:iulse,  througli  a  switch,  to  a  resistive  load  at  one  end.  The  switch 
initially  will  be  considered  perfect;  that  is,  either  completely  insulating  or 
completely  canduoling.  The  radial  dimensions  of  the  energy  storage  system 
and  the  switch  geometry  introduce  an  effective  inductance  thus  degrading  pulse 
r-isetiine  and  fall  time,  but  this  will  be  neglected  and  the  system  is  a.ssumed  to 
be  a  "long"  transmission  line  with  a  characteristic  impedance  Z  and  a  dielec¬ 
tric  constant  e  ■ 
r 


The  objective  of  the  design  is  to  develop  a  specific  power  in  the 
load  in  the  form  of  a  square  pulse  of  given  duration  (  t).  The  line  is  designed 
to  match  the  load,  the  condition  for  100%  efficiency,  i.e.,  stored  energy  in  the 
line  equals  energy  delivered  to  the  load.  From  simple  transmission  line  con- 
siderations, the  line  lengtn  must  equal  t/6.6  ^7^  meters  where  t  is  the 
pulse  duration  in  nanoseconds.  Obviously  the  energy  density  in  the  transmis¬ 
sion  line  must  be  sufficient  to  allow  the  pulse  energy  to  be  stored  in  this  length, 
and  if  this  energy  density  cannot  be  achieved  by  suitable  combination  of  dielec¬ 
tric,  geometry  and  charging  time  then  this  direct  approach  is  not  possible. 

As  ali'eady  noted  the  radial  dimensions  (if  the  line  have  been  neg¬ 
lected  for  simplicily,  but  this  omission  does  not  detract  from  the  argument 
that  it  i.s  pliy .sically  impossible,  from  basic  considerations  of  propagation  velo¬ 
city,  to  deiiver  energy  stored  at  one  point  to  another  point  where  switching  is 
initiat(!d  in  Less  i.lian  (i.  (i  \  nanoseconds,  where  is  the  distance  be¬ 

tween  the  points  in  meters. 

VVIu’re  it  is  impraclicul  to  store'  sufficient  energy  williin  the;  re¬ 
quired  distance  from  the  output  switch,  recourse  can  be  taken  to  multiple 
energ,')  slores,  each  with  its  own  ouli)Ul  switch.  The-;  [uilses  generated  by  each 
.store  ai'c  cai'cied  by  transmission  linc-es  to  the  load.  Obviously  the  dielectric 
design  around  the  load  to  carry  the  combined  power  is  yc't  another  problem 
hopefully  made  Iractiblc  l)y  the  sliortness  of  the  pulse  duration.  Such  a  teeh- 
niqut!  <;l)viously  refiuircs  advanced  switch  synchronization  technology,  but  as 
will  be  sc(m  lat('r  It  is  now  possible  to  close  high-power  switches  spact'd  far 
ajjarl.  within  a  oiu.'  nanosecond  window. 

CoiKsider-  now  the  situation  where  tile  output  switch  is  impei-fect. 

The  swilcl'.  is  often  an  electrical  discharge  (or  brealtdown)  device  such  as  a 
high  pressure  gas  spark  gap.  Various  ways  of  initiating  the  discharge  are 
available  depending  on  the  nature  of  the  device;  for  c'xample,  lasers  or  field 
intensification  trigger  electrodes  may  be  used. 
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The  operation  of  the  switch  can  be  roughly  separated  into  three 
phases,  in  the  final  phase  the  voltage  drop  across  the  switch  is  usually  neg¬ 
ligible  compared  to  the  other  circuit  voltages- -perfect  conduction  can  gener¬ 
ally  be  assumed.  Although  there  are  almost  certainly  minor  variations  occur- 
ing  during  thi.s  phase,  for  example,  in  the  "arc"  drop,  if  is  reasonable  to  call 
this  *he  "stable"  phase  because  these  changes  are  usually  not  significant  to 
the  performance  of  systems. 

The  two  earlier  phases,  which  lend  to  biend  togetiier,  exist  during 
the  growth  towards  the  final  "stable"  stage.  The  first  of  these  is  the  resis¬ 
tive  phase.  This  occurs  at  the  start  of  the  discharge  and  involves  the  growtii 
of  conduction  processes.  In  this  [ihasc  energy  is  being  alisoriied  by  the  switch 
to  appear  mostly  as  heat  in  the  eleclrc.los  and  switch  medium. 

The  second  phase,  called  the  inductive  phase,  in  general,  exists 
once  the  conduction  ;)rocesscs  arc  adequately  established,  and  as  the  name 
suggests  is  related  to  the  geometrical  induclajioe  of  the  discharge  channel,  or 
channels,  and  the  return  path.  The  voltage  drop  acr'o.ss  llu;  .switch  in  this 
phase  is  related  to  the  rate  of  change  of  I'urrent  through  the  inductance,  and 
the  enei'gy  being  absoi  Lied  is  stored  in  the  magnetic  I'icld. 

The  risetime  associated  with  the  inductive  phase,  for  example  in 
the  case  of  the  Iransm i.ssion  line  with  matched  load  discus.sed  earlier,  is 
civen  by  1 .  1  L  /Z  whore  L  is  the  switch  inductance.  A  pe.ssiinistic  esti- 
mate  for  fotal  risetime  is  the  sum  of  the  resistive-  and  inductive  phase  dura¬ 
tions.  A  better  approximation  seems  to  be  tin;  root  nu-an  square  value  as 
used  in  the  risetime  summation  of  series  pulse  amplifiers.  In  many  cases, 
of  course,  one  phase  dominates. 

These  switch  characteristics  can  be  critical  factors  in  the  design 
of  high-power  pulse  .syslcins  and  are  treaietl  at  length  in  later  sections  along 
with  other  important  features  such  as  electrode-  erosion,  .shock  generation 
and  recovery  fiirie. 
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SECTION  2 


ELECTRIC  FIELD  DETERMINATION 

2.  1  Basic  Concepts  of  Electrostatics 

It  is  appropriate,  in  a  review  text  on  dielectrics,  to  emphasize 
the  importance  of  proper  grading  of  electrical  fields.  Since  failure,  or  break¬ 
down,  of  a  dielectric  is  dependent  on  the  maximum  electrical  stress  in  the 
dielectric,  the  designer  must  ensure  that  all  grading  be  as  uniform  as  possible 
in  order  to  utilize  the  dielectrics  most  efficiently  and  economically. 

A  field  is  a  region  of  space,  empty  or  occupied  by  some  solid, 
liquid,  or  gaseous  medium,  in  which  certain  physical  state.s  occur.  The  re¬ 
gion  contains  an  electric  field  if  it  is  concerned  with  a  manifestation  of  stored 
electrical  energy--!,  e. ,  if  an  electric  charge  placed  in  the  region  moves  un¬ 
der  the  influence  of  electrical  forces.  In  electrostatics,  the  field  is  most  con¬ 
veniently  described  in  terms  of  a  scalar  potential  function-- V  (x, y,  z)--which 

2 

satisfies  Poisson's  equation  v  V  =  -  p/e  .  The  electric  field  intensity  is  the 

-» 

gradient  of  the  potential  function  E  =  -  v  V  and  is  a  vector  quantity.  When 
there  is  no  free  charge  in  the  field  region,  which  is  the  case  usually  tmeoun- 
tered  in  practice,  then  one  deals  v/ith  Laplace's  equation  7  V  =  0  or  7  .  J'l  =  0. 
Rationalized  MKS  units  will  be  used  throughout. 

When  dealing  with  Laplace's  equation,  the  solution  is  determined 
by  the  boundary  conditions  which  are  imposed  externally.  Normally,  boundary 
conditions  consist  of  conducting  equipotential  surfaces  on  which  fixed  voltages 
are  applied,  and  formally  it  is  possible  to  show  tliat  a  specification  of  the 
boundary  conditions  is  sufficient,  and  necessary,  to  uniquely  determine  the 
potential  distribution  within  the  region. 

There  are  many  mathematical  techniques  available  for  solving 
Laplace's  equation  in  one-,  two-,  or  three-dimensional  geometries.  The 
method  of  images.  Green's  functions,  separation  of  variables  and  conformal 
mappings  are  but  a  few.  There  are  rrany  texts  available  which  outline  one 


or  more  of  the  formal  methods  available,  and  rather  than  present  a  sketchy 

I'eview  when  several  comprehensive  treatments  exist  the  reader  is  referred 

to  the  literature;  for  example,  the  books  by  Morse  and  Feshbach^^^  and 

(2) 

Vitkovich  are  excellent. 

The  remaining  parts  of  this  section  are  devoted  to: 

(a)  Presentation  of  field  enhancement  factors  for  some  com¬ 
monly  used  electrode  configurations. 

(b)  Discussion  of  analog  and  digital  techniques  available  for  the 
solution  of  potential  distributions  in  complicated  geometries. 
This  leads  to  consideration  of  mixed  dielectrics,  since  these 
techniques  are  particularly  useful  for  analyzing  the  mixed 
dielectric  situations. 

2.  2  Field  Enhancement  Factors  for  Several  Useful  Geometries 

The  designer  of  liigh-voltagc  systems  is  confronted  with  the  jjrob- 
1(  n  of  minimizing  electric  field  enhancements  which  inevitably  arise  in  a 
iiiechanically  and  fiscally  sound  design.  Real  life  electrode  configurations 
are  rarely  amenable  io  analytic  scrutiny,  and  aside  from  computer  analysis 
of  the  system  (which  is  discussed  later)  one  usually  has  lO  approximate  var¬ 
ious  parts  of  the  design  in  hums  of  geometries  for  which  solutions  exist.  In 
this  way,  however,  it  is  often  possible  to  estimate  williin  20%,  using  known 
breakdown  data,  whether  that  (jorlion  of  the  system  is  liable  to  cause  break¬ 
down  problems. 

The  number  of  possible  analytic  solutions  for  two  dimensional 
electrode  configurations,  and  three  dimensional  configurations  having  one 

symmetry  axis,  is  extremely  large.  Figure  2.  1  gives  a  summary  table  of 

(3) 

several  simple  geometries.  The  formulas  for  maximum  stress  are  only 

approximate,  and  apply  for  large  electrode  separations.  For  more  detailed 

information  on  solutions  in  two  dimensions  using  analytic  functions  and  con- 

(4) 

formal  mapping,  the  book  by  Bewley  is  recommended.  For  an  analysis 
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of  analytic  solutions  in  some  of  the  27  separable  coordinate  systems,  the  book 

(5) 

by  Moon  and  Spencer  is  very  useful. 

For  a  general  two  electrode  configuration,  a  field  enhancement 
factor--f j^--can  be  defined  as  the  maximum  electric  field  strength  divided  l)y 
the  average  electric  field  strength.  The  maximum  field  may  occur  on  either 
electrode,  and  normally  arises  on  that  portion  of  an  electrode  surface  which 
has  the  smallest  radius  of  curvature.  The  average  electric  field  is  defined 
as  the  potential  difference  between  the  two  electrodes  divided  by  the  minimum 
separation  between  them.  This  field  enhancement  factor  is  thus  a  measure 
of  how  much  worse  the  peak  field  strength  is  than  that  for  parallel  plate  geom¬ 
etry.  Another  field  factor--f  --can  be  derived  from  f  by  multiplying  it  by 

M  1 

the  ratio  of  the  maximum  system  dimension  to  the  minimum  electrode  separ¬ 
ation.  This  factor  is  useful  since  it  normalizes  everything  to  the  overall  sys¬ 
tem  size,  and  as  will  be  evident  below,  this  factor  always  has  a  minimum  value. 
At  the  minimum  one  has  a  situation  in  which  the  maximum  stress  occuring  in 
the  system  has  as  low  a  value  as  is  physically  possible  (this,  of  course,  being 
for  a  fixed  geometrical  configuration,  voltage,  and  total  system  size). 

The  geometries  considered  in  this  section  mainly  consist  of  spher¬ 
ical,  or  c;ylindrical,  electrodes  above  ground  planes.  Thus,  the  figure  shown 
below  is  representative: 


H 

i 


We  will  use  a  dimensionless  geometrical  parameter  p  =  R/r  to  characterize 
such  a  system.  This  parameter  will  be  used  almost  exclusively  in  the  follow¬ 
ing  treatment.  Also,  using  this  notation  we  have  f  =  f  x  (p/p-1). 

^  1 

2.2.1  Concentric  Spheres 

This  system  is  shown  below: 
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The  average  electric  field  is  E 


=  V  /(R-r).  We  define  f  =  E  /E  , 
ave  o  2  '  max  ave 

and  it  is  easy  to  show  that  f  =  p,  and  thus  f  =  p‘^/(p-l).  Figure  2.2  graph- 
icc.lly  shows  the  two  factors.  Notice  the  two  limits  which  are  approached: 

(a)  p  1 ,  f ^  1 

This  simply  stale.s  that  for  .small  radial  separations,  the 
field  look.s  like  that  of  two  parallel  plates. 

(b)  p  =  2,  f  =  minimum 

A 

This  is  a  statement  of  the  fact  that  for  a  given  voltage;  and 
outer  sphere,  the  minimum  electrical  stress  on  the  inner 
sphere  occurs  when  it  has  one  half  the  radius  of  the  outer 
sphere. 

2.2.2  Concentric  Cylinders 

This  geometry  is  characterized  by  the  same  figure  as  that  fur 
concentric  spheres  (see  schematic  of  previous  section).  The  enhancement 
factors  f  and  f  were  defined  previously,  and  are  expressed  as  f  =  (p-l)/ln  p 
and  f2  =  p/ln  p. 

Figure  2..'1  shows  the  behavior  of  these  two  functions.  Again, 
f  j  1  as  p -j  1,  i.e.  ,  a  parallel  plate  situation  is  approached.  In  the  pr'esent 
case,  no  end  effects  are  considered.  The  cylinders  are  taken  to  be  infinite 
in  extent.  , 

In  practice,  it  is  often  required  to  achieve  the  minimum  stress 
for  concentric  cylinders.  This  is  easily  seen  from  the  graph  of  f^  to  be  sat¬ 
isfied  for  p  =  e  =  2.718 - . 
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Figure  2.2  Field  Enhancement 


The  exact  analytic  solution  can  be  cari'ied  out  usinff  bi-spherical  coordinates 
(see  reference  6),  and  is  quite  cumbersome.  F’igure  2,4  shows  tiie  results 
obtained  for  and  f^. 

An  approximate  equation,  useful  when  tables  or  graphs  are  not 

available,  can  be  derived  by  placing  a  point  ciiarge  at  the;  center  of  the  sphere. 

Using  the  method  of  images,  and  ehoosi-Hg''lTie  eiiarges  in  such  a  way  as  to  get 

the  right  potential  at  the  point  of  the  spherical  surface  closest  to  the  ground 

2 

plane,  one  obtains  f^  =  p  (p- 1  )/p- 1  / 2),  1'^  =  p  /(p-l/2).  'Phese  formula  are 
good  to  a  few  pereenl  for  p  s  4. 

The  above  formulas  and  eui-ves  apply  also  to  two  equal  spheres 
separated  by  a  dislunci!  2  (K-r),  with  a  potiuitial  diffc' renc'c  of  2  between 
them . 

2.2.4  Cylinder  Above  Infinite  ITanc 

The  figure  characterizing  this  geometry  i;,;  the  same  as  in  the  pre- 
vious  subsection.  Using  In- cylindrical  coordinates  an  exact  formula  can  be 
derived.  Again,  the  result  is  cumbersome.  Figure  2.5  shows  how  the  two 
field  enhancement  factors  depend  on  the  dimensionless  geometrical  factor. 

The  method  of  images  can  again  be  used  to  obtain  approximate 
equations.  They  are  f^  =  (p-l)/ln  (2p-l).  f^  =  p/ln  (2p-l).  Noic  that  the 
graphs  can  also  be  used  to  calculate  the  maximum  stress  of  two  equal  cylin¬ 
ders  separated  by  2  (R-r)  at  a  potential  difference  of  2 
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4 


I 


Figure  2.4  Field  L’nhancement  Fac-tors  lor  Spheic-Pianc  Geometry 


P'iguro  2.5  Field  Enhancement  Factors  for  Cylinder- Plane  Geometr 


2.2.5  Cylinder  Passing  Through  a  Radiused  Hole 

(7) 

Ryan  and  Walley  have  analyzed  the  field  enhancement  associated 
with  a  cylindrical  conductor  passing  through  a  radiused  hole  in  a  plate.  The 
geometry  is  as  follows: 


P  - 


-^2r,  [- 


o 


R*0- 


2r 


They  use  oblate -spheroidal  coordinates,  with  rotational  hyperboloid  equipo- 
tentials,  to  approximate  this  configuration.  The  minimum  field  enhancement, 
for  which  breakdown  is  equally  likely  to  occur  from  cither  e;lectrode,  is  sat¬ 
isfied  when  r  =  r./p.  For  this  optimum  value  of  r  ,  which  in  practice  can 
o  1  o 

be  somewhat  larger  and  not  change  the  results  significantly,  the  behavior  of 

f  and  f  is  shown  in  Figure  2.6  as  a  function  of  p.  The  comparison  with  ex- 

1  ^ 

periment  is  good  to  within  5%  (see  reference  7). 

For  a  given  value  of  R,  it  is  possible  to  show  that  there  is  an 

optimum  value  of  r,  by  looking  at  the  behavior  of  f  .  It  is  clear'  that  1-  = 

1  2  ojrt 

3  or  r^  =  0.33  H,  =  0.11  K.  It  should  be  noli'd  that  Ityan  and  Walley^"^^ 
report  a  much  better  agreement  between  theory  and  ex[)eriment  using  these 
results  than  by  approximating  the  geometry  by  two  crossed  cylinders. 


2.2.6  Crossed  Unequal  Cylinders 

This  problem  is  treated  in  detail  in  an  article  by  Harper  and 

(8) 

O'Dwyer.  The  results  are  difficult  to  present  in  a  useful  way,  and  it  is 
recommended  that  the  original  article  be  consulted.  For  crossed  equal  cylin¬ 
ders,  when  the  spacing  is  large  compared  to  their  radii,  the  formula  foi.' 
parallel  cylinders  can  be  used. 
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or  f 


2.2.7 


Rogowski  (Bruce)  Profiles 


In  many  experimental  situations,  it  is  desired  to  produce  a  par¬ 
allel  disk  configuration  in  which  the  field  strength  is  nowhere  greater  than  in 

(9) 

the  center  of  the  electrode  system.  Cobine  gives  a  review  of  the  original 
analysis  performed  by  Rogowski.  A  Bruce  profile  system^ is  slightly  easier 
to  fabric'.ate,  but  in  practice  there  is  no  difference  in  their  e;lt;ctrical  properties. 

Rather  than  describe  the  analysis  for  the  Rogowski  contour,  only 
the  results  will  be  given,  As  shown  in  Figure  2.7,  suppose  that  one  desires 
a  gap  spacing  (to  an  infinite  ground  plane)  of  distance  a,  and  a  flat  region  which 
extends  to  a  diameter  D  .  Let  h  be  the  acceptable  deviation  from  the  flat  one 

o  o  -2-3 

would  allow  at  the  diameter  (typically  h^/a-  -  10  tolO  ),  This,  utilizing 

the  curve;  shown,  did'incs  ;i  vatui;  of  d  .  Then  Cor  anv  value  of  diameter  U, 

o 

define  d  =  (L-l)  )  +  d  .  Then  from  'be  eurve  one  can  delermint;  h  and  in  this 
o  o 

way  produce  the  whole  contour.  In  practice,  Mic  prcd'ile  is  terminated  with  a 
radiused  edge  in  tlie  low  field  region. 

2 .  3  Analog  and  Digital  Techniques,  with  Applications  to  Mixed 

Dielectric  Problems 

As  was  mentioned  previously,  real  life  high-voltage  systems 
rarely  take  a  form  which  is  amenable  to  analytic  solution.  In  order  to  study 
real  configurations,  use  is  normally  made  of  either  analog  techniques  or 
digital  computer  programs.  Analog  methods  I’ely  on  +he  fact  that  Laplace's 
equation  occurs  in  many  other  physical  situations-  -  e.  g.  .steady-state  heat 
flow,  mechanical  stress  distributions,  gravitational  fields,  ohmic  current 
conduction,  hydromechanics,  etc.--  and  that  by  solving  experimentally  for 
one  problem  one,  in  fact,  solves  Laplace's  equation  for  many  othei'  .situations 
(in  particular,  the  field  distribution  problem  in  electrostatics). 

The  most  commonly  used  analog  methods  --Teledeltos  paper  and 
electrolytic  tanks-  -  rely  on  electrical  conduction  to  establish  the  equipoten- 
liaL  surfaces  and  field  lines,  and  are  only  useful  for  configurations  which 
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liavo  one  symmetry  axis  (x-y  symmetry  for  Teledeltos  paper,  and  either  x-y 
or  cylindrical  symmetry  for  electrolytic  planar  or  wedge  tanks).  The  con¬ 
ductivity  of  the  analog  medium  is  constant  in  space  and  time,  and  because  of 
this  one  can  look  at  the  following  Maxwell  equations: 


t  t 


*•> 

^  .  j 


o 


-7  f 

j  =  a  E 


Combining  these,  wc  obtain 


+ 


E) 


o 


(1) 


(2) 

(3) 


(4) 


Aside  from  an  initial  turn-on  trajisient,  one  can  consider  a  situation  in  which 
the  externally  imposed  stress  (or  really,  imposed  potential  on  the  boundaries) 
is  either  dc  or  ac. 

Typically 

— - -  10®-10^  cps  (5) 

e  e 
o  r 


and  for  a  1  kHz  applied  potential. 


b 

0  t 


10  cps 


(6) 


-19- 


Thus,  the  time  derivative  term  is  negligible  and  we  can  write 

V.  E  =  -  7^  V  =  o  (7) 

or,  in  other  words,  the  field  distribution  within  a  conducting  media  is  exactly 
the  same  as  in  a  non-conducting  case-^this,  of  course,  being  for  the  same 
electrode  geometry. 

To  see  how  a  wedge  tank  simulates  a  cylindrically  symmetric 
geometiy,  consider  a  tank  whose  bottom  is  slightly  tilted  (5°  to  10°)  from  the 
horizontal.  Talcing  the  Z-axis  along  the  "shoreline"  (the  intersection  of  the 
free  surface  of  the  conducting  media  and  the  bottom  of  the  tank),  we  can  look 
at  the  conductivity  variation  within  the  conducting  media  in  the  direction  nor¬ 
mal  to  the  Z-axis.  In  any  plane  parallel  to  the  Z-axis  the  area  of  conducting 
media  is  proportional  to  the  distance  from  that  axis,  and  thus 

O  ~  X 

Thus,  from  the  equation 

.  ( o  E) 


we  get 


1 

X 


0 

0  X 


(x 


5  X 


0 

6  2 
y 


o 


(8) 


which  is  precisely  Laplace's  equation  for  a  cylindrically  symmetric  geometry. 

While  use  of  a  conducting  analog  may  seem  completely  straight¬ 
forward,  there  are  many  experimental  subtleties  to  be  considered.  Rather 
than  list  them  all,  which  would  require  a  rather  long  document,  the  excellent 
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reviews  in  reference  (2)  are  recommended.  These  articles  also  describe  how 
mixed  dielectric  mediums  can  be  modelled  using  the  conduction  analog. 

Other  analogs  which  have  been  used  are  resistor  networks  and 
rubber  membranes.  Wliile  not  as  flexible  as  the  conduction  analog,  they  have 
historically  been  quite  useful  and  are  capable  of  giving  very  precise  field  de¬ 
terminations.  However,  it  is  probably  fair  to  say  that  with  the  advent  of 
modern  high  speed,  large  memory  computing  systems  the  digital  computation 
technique  has  come  into  its  own  as  a  fast,  extremely  flexible  and  aecurate 
means  of  determining  field  distributions. 

The  essence  of  the  digital  computation  method  is  the  i-eplacemenl 
of  the  continuum  of  real  space  by  a  mesh  of  discrete  points,  and  the  rewriting  of 
Laplace's  equation  in  finite  difference  form.  Wliile  an  excellent  review  of 
numerical  techniques  is  contained  in  reference  (2),  we  will  consider  a  few 
details  here.  First,  one  should  consider  the  type  of  mesh  to  be  used.  While 
many  regular  "star"  configurations  are  possible,  the  most  convenient  one  to 
use  is  the  rectangular  mesh,  or  more  specifically  a  square  mesh.  Since  com¬ 
puter  memory  size  largely  restricts  the  use  of  numerical  techniques  to  two 
dimensional  problems  (x-y  or  cylindrical  symmetry),  the  square  mesh  sim¬ 
ply  means  that  the  spatial  increments  used  are  the  same  physical  size  in  both 
dimensions.  Laplace's  equation  can  be  recast  in  finite  difference  form  by 
using  a  Taylor  series  expansion: 

2 

V  (x  +  AS,  y)  =  V  (x,y)  +  A  s  +  --  ^  A  s^  + -  (9) 

X 

and 

2  ■  ■ 

V  (x,  y  +  As)  =  V  (x,y)  +  ^  ^  A  s  +  -^  — — ^  A  s^  + - (10) 

—  “by  z  (5 


Noting  that 
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(11) 


i) 


2 

X 


2 

AS 


)  +  V(x,y-  as) 
(13) 

In  practice,  the  problem  is  set  up  so  that  boundary  conditions 
(electrode  surfaces  and  potentials)  are  part  of  the  program  input.  The  finite 
difference  equation  given  above  is  cycled  through  iteratively  until  the  pro¬ 
gram  has  converged  to  the  solution.  "Acceleration"  factors  (see  reference 
(2))  are  often  used  to  speed  up  the  rate  of  convergence,  and  for  not  too  com¬ 
plicated  geometries  5  or  6  cycles  are  all  that  is  required  to  obtain  a  solution 
accurate  to  a  few  percent. 

Dr.  Jack  Boers,  at  the  Sandia  Corporation  in  Albuquerque,  has 
written  a  general  program  for  numerically  solving  Laplace's  equation  and  a 
description  of  it  can  be  found  in  reference  (11).  Mr.  John  Shipman  of  the 
Naval  Research  Laboratory  has  taken  this  program  and  modified  it  somewhat. 
Thf-  programs  of  Dr.  Boers  and  Mr.  Shipman  both  handle  mixed  dielectric 


V  (x,y) 


V  (x  +  s,  y)  +  V  (x- 


^)  +  V  (x, 
4 
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problems,  and  it  is  this  feature  which  makes  them  extremely  useful.  While 
the  solution  of  Laplace's  equation  for  a  single  dielectric  media  is  difficult 
enough,  mixed  dielectrics  present  a  much  harder  problem.  In  this  case,  one 
really  has  to  solve  the  equation. 

V  .  D  =  o 


where 


with  the  added  requirements  that  the  normal  c.omponents  of  D  and  t,he  tangen¬ 
tial  components  of  E  be  continuous  at  the  interface  between  two  dielectrics. 
The  programs  which  are  available  do  this  automatically. 

An  optical  analog  which  is  often  used  in  dealing  with  dielectric  in¬ 
terfaces  is  the  Brewster  angle.  In  optics,  if  a  wave  of  the  proper  polarity 
strikes  an  interface  at  an  angle  to  the  normal  exceeding  the  Brewster  angle, 
the  wave  will  be  completely  reflected  and  no  energy  transmitted  across  the 
interface.  However,  in  pulse  power  systems  the;  wavelengths  of  interest  are 
normally  large  compared  to  the  transverse  dimensions  of  dielectric  inserts, 
and  the  phenomena  of  "evanescent"  waves  assures  that  energy  will  in  fact 
flow  through  the  interface.  The  Brewster  angle  analog  is  probably  most  im¬ 
portant  in  terms  of  grading  considerations.  This  comes  about  because  one 
dielectric  media  may  dominate  the  problem,  and  large  changes  in  slope  occur 
in  the  field  lines  at  an  interface.  This  change  in  slope  can  lead  to  a  bunching 
of  the  field  Lines  in  certain  regions  and  thus  produce  a  very  nununiform  grad¬ 
ing,  In  such  cases,  interaction  between  the  designer  and  computer  program 
can  usually  lead  to  a  nearly  optimum  design. 
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SECTION  3 


DIELECTRICS  IN  GENERAL 

The  science*  of  dielectrics  can  be  said  to  start  with  Otto  von 
Guericke  who  developed  the  first  electrostatic  machine  in  1660  and  shortly 
thereafter  made  the  first  insulated  lines.  About  a  hundred  years  later  Ben¬ 
jamin  Franklin  pioneered  experiments  with  really  high  voltages,  although  it 
must  be  admitted  that  some  of  his  experimental  equipment  had  been  around 
for  some  time.  By  the  early  IfiOOs  undc.'rground  and  submarine  cables 
had  been  demonstrated.  It  was  h()wc'V('f,  imliJ  1  tii*  Iasi  quaritm 

of  the  19th  centujry  with  the  invention  by  lOdison  of  the  electric  light  and  the 
subsequent  growth  of  power  gcni*ration  and  distribution  that  research  and 
development  in  dielectric  technology  was  supported  by  significant  economic 
resources.  From  then  until  the  late  1920s  wlicn  the  special  demands  of 
nuclear  physics  started,  dielc'ctric  technology  was  associated  almost  solely 
with  the  needs  of  generation  and  distribution.  The  1940s  saw  the  beginning 
of  high-power  radar  systems  leading  to  modulators  and  tubes  operating  at 
voltages  as  high  as  300  kV,  ajid  the  early  l!)60s  sawilu*  I'irsl  developiiKmts  in 
high-power  pulses  for  the  simulation  of  nuclear  wcaji'uns  effects,  with  volt¬ 
ages  now  as  high  as  15  million  volts. 

'rhere  are  several  excellent  review  articles  and  books  on  dielec¬ 
trics  which  provide  good  introductions  to  the  subject,  and  m my  literature 
references  for  more  detailed  study.  These  lend,  however,  to  be  more  rele¬ 
vant  to  industrial  apiJlications,  for  exainple  to  the*  ])ower  industry,  than  to  the 
pulse  power  needs  of  the  Department  of  DcfenK.e.  Some  of  these  articles  and 
books  cover  dielectrics  in  general,  but  more  often  they  are  restricted  to  a 
particular  dielectric  medium  such  as  gas  or  liquid.  One  of  the  broader  treat¬ 
ments  is  in  the  book  by  Clark^^^  which  provides  an  excellent  and  v,jmprehen- 
sive  review  of  solids,  liquids  and  gases.  His  text  is  directed  towards  the 
needs  of  the  industrial  designer.  For  example,  ionization  and  aging,  critical 
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to  reliability  and  longevity,  are  treated  at  length.  These  factors  are  not 
necessarily  as  important  for  some  pulse  power  purposes,  in  testing  equip¬ 
ment  for  example,  where  feasibility  and  cost  for  a  shorter  term  need  may  be 
more  important.  The  reference  includes  along  list  of  visual,  mechanical, 
chemical  and  electrical  properties  which  can  be  important  in  the  selection  of 
solid  dielectrics.  Chemical  and  mechanical  properties  become  particularly 
important  where  longevity  is  required.  A  comprehensive  glossary  of  terms 
used  in  dielectric  technology  is  also  included. 

Probably  the  most  valuable  book  on  liquid  dielectrics  is  that  by 

Adamezewski.  Fortunately  an  updated  (1!)G9)  English  ti'anslation  of  the  orig- 

(2) 

inal  Polish  work  is  available.  Most  ol  llie  imi)ortant  factors  in  design 
using  liquid  dieloelries  are  discussed.  Although  the  informuLion  tends  to  be 
more  theoretical  than  practical,  there  is  much  of  real  value  to  the  practi¬ 
tioner.  One;  of  the  unexpected  but  valuable  b.-alures  is  a  lengthy  discussion 
of  the  effect  of  ionizing  radiation  on  liquids.  The  book  concludes  with  a  use¬ 
ful  tabulation  of  the  various  theories  of  liquid  breajedown  together  with  the 
basic  assumptions  and  su[)porting  exi)crimental  ilatu.  Kol/'^^  has  written  a 
much  smaller,  less  eoniin’eliensive  l)ut  nevei‘1  heless  useful  book  on  liquids, 
basing  liis  approueli  on  the  several  impurity  (,‘ffeets  (colloids,  i)articles,  floc¬ 
culation,  ljubbies,  acidity,  etc.)  which  in  practice  detin-inine  the  strength  ef 
liquid  dielecli'ic  systems.  The  claapters  covering  formative  time  lag  rmd  the 
effect  of  gap  Stjacing  are  particularly  lailevcmt  to  pulse  power  applications, 

Tlierc  are  many  liooks  on  solid  dieieclries,  most  of  these  touting 

to  c'mpliasize  the  llieoi'etieal  aSii'’cts  of  l)rcMlctlown,  [jolarization,  ete.  One 

(4) 

of  the  most  usetul  ti'oni  x  i)racticul  point  ol  vitnv  in  that  by  Wlutehead.  flis 
Liaxt  discusses  llu'  various  factors  which  iniluence  brealectown  ojkI  relates  them 
to  the  theories,  and  treats  th(!  subjects  of  intci’iial  discharges  willi  their  im¬ 
portance  to  lifetime;  and  external  discharges,  including  tomt)orai  effects.  The 
ccniciuding  chapter  on  working  stresses  in  various  solids  is  purticulaiTy  rele¬ 
vant.  Another  volume  containing  much  practical  information  on  solid  dielectrics 
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is  tliat  edited  by  von  Hippel.  Some  22  contributors,  most  of  them 
writing  on  solids,  cover  the  field  from  rubber  and  plastics  to  ceramics,  in¬ 
cluding  piezoelectrics.  The  book  concludes  with  a  table  of  dielectric  mate¬ 
rials  which  summarizes  the  measurements  of  the  Laboratory  for  Insulation 

Research  (MIT)  on  the  complex  permittivity  and  poriTic ability  of  more  than 

2  10 

600  dielectrics  for  a  frequency  range  of  10  to  2, 5  x  10  cycles  per  second, 
and  for  temperatures  up  to  500°  C. 

(0) 

Meek  and  Graggs  have  written  one  of  the  most  definitive  texts 
on  brealidown  in  gases.  Dielectric  strengths  for  high  pressure  gases,  in¬ 
cluding  electronegative  types  are  given  and  there  is  an  excellent  treatment 
of  irradiation  and  time  lags.  High  frequency  brealedown  is  discussed  at  some 
length,  as  is  the  formation  and  expansion  of  spark  channels,  an  important 
consideration  in  switching.  This  book  together  with  the  I'cview  article  by 
Trump  in  reference  (c'  'overs  very  effeelively  tlie  field  of  gaseous  dielec¬ 
trics. 


The  onL  bo  on  electrical  breakdown  in  vacuinn  is  that  by  Sliv- 

,  (7)  ,  .  ,  , 

kov,  which  ... 


view  articles. 


H.M'' 

(B,  ^  10) 


n.siatcd,  although  iIk.m'C  an;  several  excellent  re- 


(Iawi(;y  and  Maitland  havi;  published  an  iiulexed  bitj- 
liogr-apliy  on  vacuum  us  an  insulator.  ^ 

Many  ‘actors  iniluence  dielectric  pe I'toi'niance,  and  although  these 
will  be  discussed  in  detail  later  it  is  useful  to  treat  them  briefly  at  this  point. 
The  factors  include  field  strength,  field  polarity,  total  voltage,  electrode 
area  and  dielectric  volume,  purity  and  homogeneity,  electrode  material  and 
surface  condition,  eleeU'odC'  coating,  pulse  dui'ation  and  frequency. 


3.  ]  I’li’ld  Si  rengd.li 

The  parameter  normally  usi'd  to  characte I'ize  the  "quality"  of  a 
dielectric  is  ihe  maximum  electric  field  which  it  will  withstand.  Since  this 
can  vary  quite  significantly  when  the  factors  just  listt;d  are  changed  the 
str'-ngth  is  obviously  not  necessarily  constant  for  a  given  dielec'trie.  However, 
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most  of  the  processes  which  lead  to  breakdown  are  stress  dependent,  for  ex¬ 
ample  Townsend's  ionization  coefficient  (a),  or  field  emission  from  surfaces, 
and  in  almost  all  practical  situations,  all  else  being  equal,  breakdown  develops 
at  constant  field  strength.  Probably  the  best  known  value  of  maximum  field 
strength  is  that  for  air  at  atmospheric  pressure  and  temperature  which  breaks 
down  at  roughly  30  kV/cm,  whether  geometry  generates  a  uniform  field  (break¬ 
down)  or  a  moderately  nonuniform  field  (breakdown  or  corona).  For  highly 
nonuniform  fields  the  stress  for  corona  onset  in  air  can  be  significantly  higher 
than  30  kV/cm. 

At  this  point  it  is  useful  to  discuss  the  phenomenon  of  field  emis¬ 
sion  because  of  its  relevance  to  several  of  the  important  ])rocosses  in  dielec¬ 
tric  tu’eakdown. 


3. 2  Field  Emission 

Electrons  can  be  extracted  from  cold  metal  surfaces  by  the  appli¬ 
cation  of  high  electric  fields,  a  process  ci)r)l  ributing  to  the  failure  of  many 

( 12) 

dielectrics  at  liigh  stresses.  Fowler  and  Nordheim  using  quantum  mechanics 
theory  and  a  one  dimensional  surface  potential  barrier  model  otuained  an  ex- 
pres.sion  for  the  ehadion  omission  current  density  J(O'^I'C),  which  can  be  sim¬ 
plified  to  a  good  approximation  to  the  expression 


J  =  AE 
of 


ex|)  (16.42  X 


7 

10  cp 


3/2 


/  I'l)  amp/ cm 


(1) 


whci’c  E  is  in  V/cm  and  tlic'  emitter  work  tumdion  cd  is  in  ek-clr'on  volts.  The 

n  II  -5  2 

factor  "A"  depends  on  the  work  function  and  is  equal  to  3.  5  x  10  '  amp/V 

(2) 

for  tungsten  (cp  =  4.5  ev).  Adamcewski  discusses  the  situation  where  emis¬ 
sion  is  into  a  medium  of  dielectric  constant  e  greater  than  one,  as  with  a 
liquid.  The  pre.scnce  of  the  medium  reduces  the  work  function  of  an  electron 
[jussing  from  the  metal  to  the  liquid  by  the  value  eAcp  where 
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7“eE7'e 


<2) 


Acp 


Theoretically,  fields  of  the  order  10  V/cm  are  required  to  give 
measurable  field  emission,  but  in  practice  emission  can  be  detected  and  pro¬ 
duces  electrical  breakdown  at  levels  two  orders  of  magnitude  below  this  be¬ 
cause  of  field  intensifying  micro  projections  on  cathode  surfaces.  In  vacuum 

(13) 

experiments  intensifications  at  least  as  high  as  150  have  been  measured. 
Where  field  emission  conduction  is  occurring,  a  plot  of  the  logarithm  of  cur¬ 
rent  divided  by  the  voltage  squared  against  the  reciprocal  of  the  voltage  yields 
a  straight  line,  as  would  be  expected  from  the  above  Fowler  and  Nordheim 
expression.  In  general,  on  a  large  area  surface  several  sites  would  be  emit¬ 
ting,  and  Tomaschke  et  al.  have  shown  that  the  combined  currents  from 
a  group  of  emitting  points  produce  a  linear  Fowler  Nordheim  plot. 


3. 3  Field  Polarity  Effects 

Where  nonuniform  geometries  exist,  wliich  is  the  more  usual  sit¬ 
uation,  the  dielectric  strength  of  the  system  can  he  significantly  influenced 
by  the  polarity  of  the  most  intense  field  region,  which  of  course  normally  de¬ 
termines  the  voltage  breakdown  value.  The  clearest  situation  is  with  vacuum 
dielectric  because  in  that  medium  field  emission  is  usually  a  dominating  pro¬ 
cess  (ion  emission  does  not  occur  until  fields  are  two  orders  of  magnitude 
higher).  Consequently,  when  the  high  field  region  is  negative  vacuum  insula¬ 
tion  strength  is  much  less  than  when  it  is  positive.  On  the  other  hand  the  re¬ 
verse  lends  to  be  true  for  gases  and  liquids,  probably  because  of  space  charge 
effects  at  the  negative  electrode  modifying  tlie  electric  field  values  when  the 
intense  field  is  negative.  As  an  example,  the  direct  breakdown  voltage  of  a 
negative  point  to  plane  in  air  can  be  twice  that  for  a  positive  point.  With 
liquids  the  polarity  effect  in  general  is  not  so  evident,  although  negative  fields 
required  for  breakdown  tend  to  be  stronger  than  positive  fields.  The  differ¬ 
ence  is  very  marked  with  fast  pulses  when  negative  strength  can  be  better 
than  twice  the  positive. 
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Total  Voltage  Effect 


3.  4 

This  term  is  applied  to  the  condition  where  the  maximum  electric 
field  which  can  be  withstood  falls  as  the  dielectric  spacing  is  increased.  Some 
dielectrics  are  much  poorer  in  this  regard  than  others,  the  worst  case  being 
vacuum.  With  vacuum  it  becomes  increasingly  difficult  to  hold  direct  voltage 
as  the  value  required  exceeds  about  100  kV.  Above  this  voltage  region  break¬ 
down  processes  related  to  the  higher  energies  achieved  by  particles  in  this 
medium  determine  voltage  performance.  This  effect  is  experienced  also  with 
high-pressure  gases,  but  for  different  reasons,  and  is  most  evident  where  field 
strengths  are  high  in  the  first  instance,  that  is  at  high  pressure.  Where  the 
breakdown  strength  is  low  to  begin  with,  for  example  in  air  at  atmospheric 
]irDSSure,  there  is  essentially  no  total  voltage  effect  if  uniform  field  condi¬ 
tions  can  be  maintained. 

3.  5  Area  Effect 

One  of  the  unfortunate  facts  of  high-voltage  design  is  the  increas¬ 
ing  probability  of  failure  at  a  given  stress  level  as  size  increases.  Admittedly 
with  larger  equipment  there  are  opportunilicns  for  introducing,  for  example, 
new  sources  of  contamination  or  field  concentrations,  but  even  without  such 
effects,  using  the  same  insulating  medium  with  its  basic  variability,  a  reduc¬ 
tion  in  strength  must  be  expected  from  statistical  considerations.  This  is 
essentially  a  "weak  link"  phenomenon  and  Gurnbel^^^^  has  expanded  at  length 
on  the  theoretical  foundation  of  extreme  value  statistics  which  predicts  this 
effect, 

Usitig  the?  results  of  this  theory,  i1  is  possible  to  predict  from 
data  on  small  area  samples  the  performance  to  be  expectc.'d  with  much  larger 
areas.  This,  of  course,  will  be  the  maximum  [jcrformanco  to  be  expected, 
since  increase  in  scale  may  involve  new  limiting  factors  not  associated  with 
the  liasic:  variability  of  the  dielectric. 
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A  number  of  tests  on  small  samples  will  give  breakdown  voltage 
values  which  are  distributed  about  a  mean,  and  usually  the  distribution  is 
roughly  normal.  The  probability  of  breakdown  at  any  voltage  is  the  ratio  of 
the  number  failing  at  that  value  to  the  total  number  tested,  and  when  the  in- 

(IS 

sulation  variability  is  high,  the  standard  deviation  is  high.  Hill  and  Schmidt 
give  typical  percentage  standard  deviations:  air  1-2%,  oil  4-8%,  paper  6-15%, 
laminated  mica  10-40%.  It  will  be  seen  later  in  Section  6  that  this  indicates 
that  the  area  effect  for  air  will  be  small,  and  for  mica  large. 

A  convenient  way  to  study  normal  distributions  is  to  use  a  special 
graph  paper  (probability  paper)  so  designed  that  a  straight  line  is  obtained 
when  a  normal  population  is  graphed,  i.e.  ,  cumulative  percentage  up  to  and 
including  a  value  is  plotted  against  the  value.  On  .such  papc;r,  which  is  i:om- 
mercially  available,  the  average  value  is  that  where  the  line  intercepts  the 
50%  cumulative  percentage  lino,  and  the  standard  deviation  is  the  difference 
between  this  average  value  and  where  the  line  inlercept.s  the  16  or  84  cumula¬ 
tive  percentage  coordinate. 

For  the  usual  continuous  distribution  the  cumulative  probability 
of  breakdown  for  "n"  ureas  in  parallel  is  related  to  tliat  for  one  area  by  the 
expression 


cum  Pbd  =  1  -(1  -cum  (3) 

n 

where  cum  Pbd  is  the  cumulative  probability  of  breakdown  at  R  volts  for  n 

areas  in  parallel  and  cum  p  is  the  cumulative  probability  of  breakdown  at  R 

volts  for  1  area.  To  put  some  numbers  in  this  expression,  if  the  cumulative 

probability  of  breakdown  at  a  specific  voltage  with  a  small  area  is  1%,  and 

the  area  is  increased  by  two  orders  of  magnitude,  the  probability  becomes 

64%,  and  if  by  three  orders  of  magnitude  it  becomes  greater  than  99.  99%! 

(1 5) 

Hill  and  Schmidt  have  constructed  Figure  3.  1  for  a  standard  deviation  of 
10%  of  the  average.  These  authors  also  discuss  briefly  the  situation  where 
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Ri'cakdown  VuJIage 


l''igui’(?  3.  1  Vuilagi;  l^reakdown  distributions  for  partial  and 
nuilfiplr  areas  of  an  olc'mi'ntal  area  (n  =  1)  whi’n  the 
fli  st  rihui  ion  for'  the  r'lomental  area  has  an  a.voragp  vaJuo 
of  ten  units  and  a  standard  deviation  of  one  unit. 


the  distribution  of  values  from  small  sample  tests  is  found  to  be  discontin¬ 
uous.  Although  the  preceding  discussion  has  been  using  the  term  "area" 
effect,  it  could  just  as  well  be  "volume"  effect;  the  pertinent  parameter  pre¬ 
sumably  being  determined  by  whether  the  "weak  link"  is  associated  with  a 
surface  or  a  volume. 

3 . 6  Purity  and  Homogeneity 

In  practice  the  presence  of  a  "weak"  region  in  the  volume  of  a 
dielectric  is  the  most  usual  cause  of  breakdown.  This  can  take  the  form  of 
an  impurity,  an  element  of  foreign  substance  that  has  a  lower  strength  or 
dielectric  constant,  the  lower  dielectric  constant  causing  higher  stressing 
than  in  the  main  body  of  the  material  because  of  flux  continuity  (D  =  e  1C  = 
constant).  Examples  of  this  are  cavities  in  a  solid  or  bubbles  in  a  liquid, 

'h  cases  sti'ength  and  dielectric  constant  would  be  lower  than  in  the 
.  Li'ic.  Discharges  initiated  in  such  regions  often  trigger  collapse  of  the 
dielectric  system.  In  the  case  of  cavities  in  a  solid,  c'onlinual  ionization  may 
lead  to  slow  erosion  of  the  dielectric  ijroducing  bruakiiowii  aftoi-  a  long  time 
under  stress  rather  than  an  immediate  catastrophic-  failure. 

Other  forms  of  weakening  impurity  include  metal  particles  which 
initiate  breakdown  by  field  inton.sification,  and  non-metallic  particles  which, 
for  example,  can  form  bridges  in  liquids  (flocculation)  to  channel  a  di.scharge. 
In  the  case  of  the  vacuum  dielectric,  contamination  of  the  metal  surfaces  on 
which  field  lines  terminate  adversely  affects  performance,  not  only  because 
of  field  emission  with  its  dependence  on  surface  work  function  and  micro- 
protru.sions,  but  also  because  of  other  processes  such  as  secondary  emission 
and  the  evaporation  of  surfaces, 

3.7  Electrode  Materials,  Surface  Condition  and  Dielectric  Coatings 

The  earlier  discussion  on  field  emission  suggests  that  the  work 
function  of  electrode  material  and  its  roughness  should  be  important  to  the 
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performance  of  dielectrics.  This  has  been  confirmed  where  the  medium  can 
support  an  electric  field  sufficiently  high  to  develop  emission.  The  perform¬ 
ance  of  the  vacuum  dielectric  is  of  course  very  dependent  on  electrode  mate¬ 
rial,  even  different  stainless  steels  perform  differently.  For  gases  at  lower 
pressures,  electrode  material  is  not  a  significant  factor  because  the  field 
strength  remains  low;  but  at  high  pressures  and  higher  fields,  the  effect  of 
electrode  material  becomes  significant.  For  example,  stainless  steel  is  much 
superior  to  aluminum.  In  the  same  medium  at  high  pressures,  rough  elec¬ 
trodes  (sand  pap(med  but  not  polished)  breakdown  at  lower  voltages  than  pol¬ 
ished,  and  prebi'eakdown  currents  are  much  higher.  Similarly,  electrode 
materia]  effects  have  been  noted  in  liquids,  particularly  for  highly  nonuniform 
geometi'ius. 

IJiideeiric  coalings  have  been  used  effectively  on  electrodes  to 
improve  performance  in  vacuum,  gases  and  liquids,  presumably  through  the 
suppression  of  field  emission.  For  example,  Jedynak'  '  in  vacuum  experi¬ 
ments  with  coated  cathodes  showed  that  prebreakdown  currents  could  be  2-4 
orders  of  magnitude  below  that  for  bare  electrodes,  and  that  increases  of  70% 

could  be  ai'hievecl  in  dieiuelric  strength.  Other  workers  have  noted  improve- 

(17) 

merits  in  tlie  performance  of  oil  and  high  pressure  gases  using  dielectric 
(Hi) 

lilms. 

3.8  Frequency  Fffect 

In  general,  the  strength  of  dielectrics  falls  with  frequency,  the 
severity  of  the  effect  depending  on  the  dielectric  and  other  factors  such  as 
electrode  geometry.  With  gases,  for  example,  there  is  no  real  change  in 
periormance  from  dc  to  60  Hz,  but  if  frequency  is  raised  to  a  value  at  which 
positive  ions  do  not  have  time  to  cross  the  gap  in  a  half  cycle  a  positive  space 
charge  develops  and  the  breakdown  voltage  is  adversely  affected.  At  even 
higher  frequencies  there  are  further  complications  in  the  breakdown  process 
whc'n  the  amplitude  of  oscillations  by  electrons  in  the  gap  becomes  comparable 
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to  the  gap  spacing  and  cumulative  ionization  occurs.  For  gases,  until  fre¬ 
quencies  above  perhaps  100  kHz  are  reached  the  effect  is  not  strong,  being 
most  pronounced  for  accentuated  (e.g. ,  point)  geometries. 

In  the  case  of  liquids,  for  example  oil,  strength  can  be  increased 
by  as  much  as  100%  in  going  from  dc  to  60  Hz,  but  falls  with  frequency  in  the 
megahertz  range  to  almost  zero  at  the  highest  frequencies  (approximately  10 
MHz),  apparently  because  of  thermal  breakdown.  With  solids,  strength  falls 
with  frequency,  again  usually  because  of  thermal  effects,  although  partial 
discharges  where  cavities  exist  can  also  be  terminal. 

3 .  9  Statistical  and  Formative  Time  Lags 

Between  the  time  of  application  of  an  overvoltage  and  the  collapse 
of  a  dielectric  there  is  a  delay  which  is  known  as  the  time  lag.  It  is  a  most 
significant  feature  where  impulse  voltage  is  concerned  because  the  lag  times 
are  usually  of  the  same  order  of  magnitude  as  the  duration  or  risetime  of  the 
pulse.  There  are  basically  two  types  of  time  lag.  The  first  is  known  as  the 
statistical  time  lag  which  exists  because  of  the  need  for  an  electron  to  appear 
in  the  critically  stressed  region  in  order  to  initiate  the  discharge.  The  other 
is  known  as  the  formative  time  lag,  and  is  determined  by  the  time  for  the  dis¬ 
charge  once  initiated  to  develop  across  the  gap. 

The  statistical  time  lag  is  influenced  by  the  degree  of  preioniza¬ 
tion  or  irradiation  of  the  gap,  and  various  techniques  such  as  ultraviolet  light 
or  radioactive  sources  are  used  to  remove  pr  reduce  this  time  lag,  particu¬ 
larly  where  the  dielectric  is  in  a  calibration  gap.  To  obtain  a  statistically 
reliable  design  for  an  impulse  system,  it  is  obvious  that  the  design  data  used 
should  be  free  of  perturbations  related  to  statistical  time  lag. 

Expressions  have  been  developed  for  the  formative  time  lag  in 

(6) 

gases  based  on  cumulative  a  and  y  (Townsend)  processes  in  the  gap.  One 
of  the  simpler  of  these  is 
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(4) 


a  exp  (-b/ V)/(V-V  ) 
o 

where  a,  b  are  constants  and  is  the  direct  breakdown  voltage.  For  very 

short  pulses,  for  example  less  than  ICO  ns,  information  is  limited  at  high  gas 

( 1 9) 

pressure,  but  Felsenthal  and  Proud  have  published  valuable  information 
in  the  range  from  one  atmosphere  down. 

Formative  time  lag  effects  exist  also  in  vacuum,  liquids,  and  solids, 
the  effect  with  vacuum  being  most  dramatic  at  larger  gaps  with  very  short 
pulses  (  <  100  ns).  In  this  time  range,  breakdown  strength  in  vacuum  can  in¬ 
crease  by  almost  two  orders  of  magnitude  over  dc  strength.  In  practice,  solids 
tend  to  have  the  shortest  time  lags,  largely  because  the  operating  stresses  are 
higher,  which  can  lead  to  problems  in  insulation  coordination- -it  is  preferable 
to  have  flashover  of  the  environment  around  a  solid,  which  will  recover,  rather 
than  have  the  solid  puncture. 

3,  10  Tracking  and  Flashover 

Tracking  is  a  term  describing  action  along  the  surface  of  a  solid 
in  vacuum,  gas  or  liquid.  It  usually  indicates  a  permanent  loss  of  strength 
related  to  chemical  change  at  the  surface,  the  voltage  being  limited  by  con¬ 
duction  at  the  track.  Flashover  is  used  to  label  a  discharge  or  spark  close 
io,  and  influenced  by,  the  solid  .surface  which  often  leads  to  tracking,  although 
tracking  is  not  produced  only  by  flashover.  Tracking  on  a  surface  can  develop 
by  surface;  ionization  or  conduction  at  high  fields,  particularly  in  the  presence 
of  contaminants,  and  antitracking  agents  can  be  used  for  control.  Some  mate¬ 
rials  have  much  .superior  tracking  properties  than  others. 

The  prevention  of  flashover  requires  good  electric  field  design, 
particularly  to  reduce  the  stress  at  the  dielectric  terminations.  In  general, 
solids  with  low  dielectric  constants  provide  better  flashover  strength,  be  cause 
with  u  solid  insulator  the  field  at  the  terminations,  where  the  dielectric  meets 
rrii’iuLis  in'Tcnsed  according  to  e  /e  ,  where  e  ,  e  are  the  constants  for 

c  o  a 
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the  solid  and  ambient  respectively.  Lucite  is  an  example  of  a  good  material, 
having  a  low  dielectric  constant  and  very  high  resistance  to  tracking. 
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SECTION  4 
GAS  DIELECTRIC 


4.  1  General  Discussion 


If  electrical  insulation  were  chosen  purely  on  the  basis  of  intrinsic 
electric  strength,  high  voltage  equipment  would  be  otally  encapsulated  in  a 
solid  dielectric.  Mowever,  although  some  smaller  equipment  such  as  isola¬ 
tion  transformers  arc:  insulated  in  this  way  up  to  Kcvi.'ral  hundred  kilovolts, 
the  diffieullies  in  making  honiogenous  solid  dielectric  structures  on  lai'ger, 
extra  hinh  voltage  c?quipmc:nl  usually  lead  to  the  rejec  tion  of  tile  solid  med¬ 
ium,  and  I  he  usv'  of  liquids  or'  gases  us  the:  main  insulani  from  ground. 

I''c)i'  contimious  or  low  fr'c;qucnc‘y  uppliealions  at  highcir'  voltages 
and  lai'ger  spaeiiigs,  t he  i.se  of  liquid  clielec  1  ries,  usualiy  an  oil,  [rresents  dif¬ 
ficulties  lieeause  oi  luilihlrs  and  other  impiirilii's  (Seeiioii  5),  As  a  c:onse- 
quenee,  gaseous  clicderl  ries,  usually  I'lc'cl  roiiegulive  gasc'S  al  high  pressure, 
are  used  extensi veLy  iu  Low  rreciuoiu-y  very  higli  voliage  eciuipiueiit  and 
art'  heiiii'  iiu  reusingly  usc-cl  cdso  at  moclerately  high  voltages. 

AdvanUiges  oi  gas  dieleelrie,  apart  from  a  superior  strengtli  for 
some  siluaiions,  are  tliul  ii  has  a  very  low  loss,  is  noii-inll;uuinuble  and  clean, 
and  is  self-healing  when  hreakdcrwii  oec'urs.  It  also  is  light,  alilicuigh  at  liigluu' 
pressures  Hie  eonlahuiieni  verssei  can  lic'  lleavy.  I'lie  clieJecL  ric  eonslant  is 
eUrse  to  unity,  and  tor  some  aiiplieations,  lor  example  inscdation  witli  mini¬ 
mum  eiiei  gy  sioraige,  tills  can  be  ad vani agc'ous.  Disadvanlages  compared 
witli  licjiiicls,  iuelude  I  ooi'er  Ileal  iranster  prerperlies,  and  ll'e  presence  at  high 
piessure  nl  sir.inTii  aiit  eoinpi'essivc  energy.  I'liysieaJ  p  rojic  rties  will  ire  clis- 


eussecl  iaiei'  in  Seel  ion  4.H.3. 


Gas  dieleelrie  is  used,  for  c'xamidc,  in  higlt  voitage,  low  loss 

(1)  .  ,  ,  .  .  (2)  (3) 

precision  c  ajiaeitors,  coaxial  power  I ransmission,  switi-li  gear, 

iransloriners,^^^  and  power  sinii<lii:S, ^  and  almost  universally  in  very  high 

volta^*  •  a{‘c'(‘i(?ralors» 
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Several  theories  have  been  developed  to  explain  the  electrical 
breakdown  of  gases,  and  that  which  is  applicable  depends  on  the  range  of  pres¬ 
sure  and  gap  spacing.  The  first  understanding  of  breakdown  can  be  traced  to 

Townsend  at  the  beginning  of  this  century.  He  defined  a  quantity  a  ,  known 
as  the  first  Townsend  ionization  coefficient,  representing  the  number  of  ion¬ 
izing  collisions  made  by  one  electron  drifting  one  centimeter  in  the  direction 
of  the  electric  field.  The  value  1/  a  is  consequently  the  average  distance 

a  X 

between  ionizing  collisions.  An  initial  electron  current  i  amplifies  to  i  e 

c  e 

over  a  distance  in  the  field  direction.  The  coefficient  a  is  proportional 
to  pressure  (p)  and  consequently  it  is  convenient  to  specify  the  value  a/p, 
a  function  of  E/p,  for  a  specific  gas.  Townsend,  in  examining  conduction 
through  gas  gaps, concluded  that  other  processes  could  contribute  to  current 
growth,  particularly  by  augmentation  at  the  cailiode,  and  he  identified  these, 
in  combination,  by  a  second  Townsend  cooffieic.'nt  y  »  defined  as  the  number 
of  secondary  electrons  produced  at  the  cathode  per  electron  produced  in  the 
gap  by  primary  collisionai  ionization.  This  factor  y  it’  a  function  of  E/p. 

These  effects  lead  to  the  following  cxiiression  for  current  across 
a  gap  with  spacing  S 


1  /  ao  ,1 

1  -  Y  (e  -  i  ‘ 

Current  instability,  i.c.  breakdown,  occurs  when  the  tlenominator  is  zero,  or 


J  V 

Y  (e  -  1)  =  1 

and  since  usually  e^^  >>  1  breakdown  occurs  at  y 


=  1.  Townsend's 


equation  can  be  used  to  justify  Paschen's  Law,  which  states  that  breakdown 

voltage  depends  only  upon  the  product  of  pressure  and  gap  (pd).  Figure  4.  1 

(7) 

gives  Paschen's  curve  for  several  gases,  including  air. 

It  is  common  to  tabulate  the  intrinsic  strength  of  a  gas  at  atmos¬ 
pheric  pressure,  but  these  values  should  be  used  with  care,  particularly  at 
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I'ltfuro  4,  1  Typical  breakdown  voltage  em  veti  lor 
(jifferetu  gaacri  between  parallel  plate  electrodes. 
p„  is  the  ga.s  pressure  in  mm.  Hg  corrected  to  0^  C. 


smaller  spacings,  below  1  cm  perhaps,  where  breakdown  fields  can  be  sig- 

(7) 

nificantly  higher  than  at  larger  spacings  (Figure  4.2). 

The  speed  at  which  insulation  strength  collapses  under  some  sit¬ 
uations,  for  example,  when  pulsed  voltage  is  applied  to  a  high  pressure  gap, 
requires  explanation  beyond  that  available  from  the  Townsend  mechanism 
alone.  It  has  been  postulated  that  the  electric  field  in  the  gap  can  be  significantly 
enhanced  by  the  electron/ion  pairs  generated  by  the  a  process  and  thus  lead 
to  the  development  of  "streamers"  which  can  be  both  anode  directed,  and  cath¬ 
ode  directed.  The  electrons,  of  course,  have  high  mobility,  and  ions  low 

(7) 

mobility,  which  leads  to  the  type  of  field  pattern  shown  on  Figure  4.3. 

A  streamer,  in  contrast  to  the  relatively  weak  and  exponentially 
growing  Townsend  avalanche,  is  a  conducting  filament  of  highly  ionized  gas 
which  constitutes  the  initial  stage  of  a  spark  channel  through  which  the  exter¬ 
nal  circuit  discharges.  The  process  of  streamer  development  is  shown  dia- 
grammatically  in  Figure  4.4.  In  the  first  phase  a  positive  ion  space  charge, 
shown  hero  at  the  anode  surface  (Figure  4.4  (a)),  is  developed  by  avalanche 
effects.  In  the  gas  surrounding  the  avalanche,  photoclectrons  are  produced 
by  photons  emitted  from  the  densely  ionized  gas  in  the  avalanche  stem.  If 
the  space  charge  field  is  significant  compared  with  the  external  field,  these 
electrons  start  auxiliary  avalanches  directed  towards  the  main  stem.  Posi¬ 
tive  ions  left  behind  by  these  avalanches  effectively  lengthen  and  intensify 
the  space  charge  of  the  primary  avalanche  in  the  direction  of  the  cathode 
(Figure  4.4  (b))  and  the  process  develops  as  a  self-pr  opagating  streamer. 

This  transition  from  avalanche  to  streamer  seems  to  occur  in  air  when 
20 

is  the  order  e  .  The  higher  the  overvoltage,  the  earlier  the  occurrence 
of  the  transition. 

Apart  from  the  observation  that  the  avalanche  is  invisible  and  the 
streamer  brightly  luminous,  there  are  large  differences  in  the  velocity  of 

7 

propagation.  The  avalanche  progresses  at  perhaps  10  cm/second  whereas 

g 

10  cm/second  or  higher  is  more  typical  of  streamer  propagation. 
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Figure  4.  2  Breakdown  voltage  gradient  in  air  at  1  atm, 
us  a  function  of  gap  length  between  para) to  1  itlates. 


Anode 


Figure  4.  3  Representation  of  the  distribution  of  electrons  and 
positive  ions  in  an  electron  avalanche.  The  arrows  denote 
the  direction  of  the  resultant  electric  field  surrounding  the  avalanche 


Anode 


F’igure  4.  4  Transition  from  an  electron  avalanche  to  a  streamer 
and  the  subsequent  growth  of  a  streamer  across  the  gap. 
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In  general,  at  smaller  gaps  and  lower  pressures  breakdown  can 
be  aiiributed  to  the  Townsend  avalanche  mechanism  unassisted  by  streamer' 
development.  However  at  the  larger  gaps  and  pressures  the  space  charge 

field  attains  a  critical  value  before  the  avalanche  reaches  the  anode,  which 

(8) 

generates  mid-gap  streamers.  Raether'  has  stated  that  above  pd  =  1000 
torr  cm  streamers  develop  during  the  breakdown  process,  although  even 

(9) 

lower  pd  thresholds  (approximately  500  torr  cm)  have  been  postulated, 

A  concise  treatment  of  the  Townsend  processes  is  given  by  Devins  and  Shar- 
baugh,^^*^^  and  Meek  and  Craggs^”^^  treat  the  streamer  development  process 
in  detail. 

With  regard  to  the  speed  with  which  a  gap  breaks  down,  it  is  gen¬ 
erally  assumed  that  because  of  the  relatively  high  speed  of  sti-eamcr  propa¬ 
gation  the  elapsed  time  between  the  nonconducting  and  "fully"  conducting 
state  essentially  consists  of  the  time  the  avalanche  mechanism  takes  to  build 
up  to  the  critical  charge  concentration  for  streamer  development.  This  is 
important  in  switching  gaps.  If  there  is  more  than  one  free  electron  avail¬ 
able  at  the  start  of  the  avalanching,  for  exainple  if  the  gap  has  becui  overvolted 
with  a  fast  risetime,  oi'  if  laser  initiation  at  the  <;athode  is  used  to  cause  break¬ 
down,  multiple  avalanches  can  develop  together  and  the  critical  charge  concen¬ 
tration  is  reached  more  rapidly  than  when  only  one  avalanche  i)ro[)agates,  i.o.  , 
the  formative  time  lag  is  less  because  of  multiple  avalanching. 

The  breakdown  strength  of  a  gas  is  highly  dependent  on  the  value 
of  a  ,  the  number  of  free  electron.s  per  centimeter  produced  by  one  electron. 
This  in  turn  depends  on  the  energy  af^quired  between  collision;  the  greater  the 
number  of  collisions  per  centimeter  I  he  less  the  value  of  a  for  a  given  field 
strtmgth.  Consc^quently  a  falls  and  electric  strength  rises  with  increasing  gas 
pt  essuic.  Furihci',  ihe  larger  the  gas  molecule  and  its  cross  section  the 
lower  the  value  of  a  ,  which  leads  to  higher  strengths.  However,  a  more  im¬ 
portant  factor  in  obtaining  high  strength  is  the  electron  attachment  process. 

The  removal  of  electrons  from  the  avalanche  by  attachment  to  a  neutral  mole¬ 
cule,  produces  relatively  immobile  negative  ions  and  increases  dielectric 
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strength  considerably.  The  most  important  electronegative  gas  is  sulphur 
hexafluoride  which  has  a  strength  about  2.  5  times  that  of  air. 

In  general,  it  seems  that  the  larger  the  molecular  weight  of  a  gas 
the  higher  its  electric  strength,  as  would  be  expected  from  the  above  com¬ 
ments.  Unfortunately,  the  boiling  point  also  tends  to  rise  with  increasing 
molecular  weight  and  dielectric  strength,  so  that  some  of  the  more  interest¬ 
ing  gases  electrically,  are  liquid  at  room  temperature.  This  can  be  seen 
from  Table  4.  Reference  12  provides  a  valuable  discussion  of  the  sev¬ 

eral  high  strength  gases  which  are  of  commercial  interest.  Table  4.2  is  an 
extract  from  that  reference. 

To  determine  the  best  gas,  pressure,  and  high  voltage  system 
configuration  for  a  particular  application,  several  important  factors  have  to 
be  considered.  Generally,  the  requirement  is  a  high  voltage  equipment  de¬ 
sign  which  will  perform  satisfactorily  and  with  the  best  overall  economy,  in¬ 
cluding  capital  and  operating  cost  considerations.  Dielectric  design  usually 
starts  with  the  given  information  on  the  temporal  form  of  the  voltage  to  be  in¬ 
sulated,  its  amplitude  and  the  general  shape  of  the  equipment  at  high  voltage. 
The  stress  which  can  be  supported  may  depend  on  tlie  waveform  of  the  voltage; 
whether  it  is  continuous,  alternating  or  pulseti.  The  breakdown  stress  can 
also  be  influenced  by  the  magnitude  of  voltage  to  be  insulated,  and  the  area 
under  stress.  With  a  knowledge  of  these  parameters  (the  area  need  only  be 
roughly  known)  suitable  gases,  pressures,  and  materials  for  the  stressed 
surfaces  can  be  determined;  the  final  selection  usually  being  based  on  overall 
economic  considerations.  The  usual  stressed  surface  material  is  a  metal, 

(13) 

but  interesting  data  has  been  obtained  on  dielectric  covered  metal  surfaces. 

Because  the  high  voltage  parts  have  to  be  physically  supported,  it 
is  impossible  to  design  gas  insulated  equipment  without  considering  the  prob¬ 
lem  of  solid  dielectric  flashover  in  the  gas.  Generally  the  distances  required 
to  be  safe  from  flashover  are  much  greater  than  for  breakdown  through  the  un¬ 
bridged  gap.  In  designing  the  stand-off  insulation  the  wave  shape  of  the  voltage 
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Table  4.  1  Values  of  relative  electric  strengths 


Table  4  2  Typical  properties  of  gases  at  760 


.  ^  9 

V- 


is  again  important,  as  is  the  stand-off  material,  geometry,  surface  condition, 
end  configuration,  and  of  course  the  surrounding  gas. 

In  the  following  section  gaseous  insulation  under  continuous  stress¬ 
ing  is  discussed,  with  the  subsequent  sections  treating  in  order  the  differences 
introduced  by  alternating  and  pulsed  stressing.  Section  4.7  separately  ident¬ 
ifies  studies  involving  gas  insulation  which  were  prosecuted  for  specific  DOD 
objectives  and  which  consequently  may  be  particularly  relevant  to  the  goals 
of  this  survey.  The  final  section  under  gaseous  insulation  treats  more  gen¬ 
eral  design  considerations,  including  the  important  physical  factors  such  as 
cooling  properties  and  stored  compressive  energy.  Typical  operating  stresses 
in  equipment  are  given. 

4.  2  dc  Properties 

4.2.1  Air  (Uniform  Field) 

The  most  commonly  used  gaseous  dielectric  is,  of  course,  air, 
which  has  electrical  properties  equivalent  to  nitrogen  for  most  practical  pur¬ 
poses  at  atmospheric  pressure,  and  being  generally  somewhat  superior  at 

higher  pressures.  The  performance  at  pressures  below  one  atmosphere  can 

(7) 

be  determined  from  the  appropriate  Faschen  curve  on  Figure  4.  1.  Com¬ 
monly  the  strength  of  air  at  atmospheric  pressure  is  taken  a.s  30  kV/cm,  but 
as  shown  on  Figure  4.2  the  strength  rises  significantly  above  this  value  for 
smaller  gaps,  and  falls  slightly  below  30  kV/cm  for  larger  gaps.  There  have 
been  many  studies  of  the  breakdown  of  air  gaps  in  uniform  fields,  primarily 

for  voltage  calibration  purposes:  these  studies  have  included  the  corrections 

(7) 

required  for  humidity  and  density.  Most  of  these  calibration  experiments 
have  been  conducted  using  power  frequency  voltages,  but  the  results  differ 
very  little  from  the  direct  voltage  case.  The  curves  on  Figure  4.  2  show 
closely  corresponding  ac  and  dc  results  from  several  investigators. 
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At  the  relatively  low  electric  fields  supported  by  air  at  atmos- 

(14 

pheric  pressure  the  breakdown  voltage  is  usually  highly  reproducible,  Bruce, 
taking  extreme  care,  reports  maximum  deviations  of  0.15  percent.  This  in¬ 
dicates,  as  discussed  later  in  Section  6,  that  area  effects  in  this  insulating 
environment  should  be  very  small. 

As  pressure  is  increased  above  one  atmosphere  the  limiting  elec- 

(15) 

trie  field  increases,  at  first  in  an  almost  proportional  fashion.  Howell 
has  obtained  data  for  air  at  pressures  up  to  600  psig  as  shown  in  Figure  4.5. 
Trump  et  al. '  present  similar  data  for  air  and  nitrogen/ carbon  dioxide 
mixtures  which  demonstrates  the  importance  of  electrode  materials  at  the 
higher  field  strengths  (Figure  4.6).  Further  data  on  high  pressure  air  is 

(17) 

given  on  Figure  4.7,  Felici  and  Marchal  have  shown  that  the  cathode 

material  is  the  more  important  factor,  although  it  seems  that  the  anode  mate- 

(16) 

rial  also  has  a  significance.  Surface  roughness  is  another  important  factor. 

For  example,  careful  polishing  of  an  originally  sandpapered  surface  can  in- 

(15) 

crease  breakdown  voltage  by  as  much  as  60%. 

At  these  high  fields  ttic  scatter  of  breakdown  values  becomes 
large,  indicating  the  presence  of  a  significant  area  effect.  Figure  4.8  is  a 
typical  sequence  diagram  from  breakdown  tests  showing  also  that  there  is 
a  pronounced  conditioning  effect.  The  final  conditioned  value  after  sparks 
have  removed  dust  particles  or  surface  contaminants  can  be  50%  higher  than 
the  initial- -an  important  design  consideration. 

4.2,2  Air  (Nonuniform  Field) 

When  voltage  is  increased  in  a  nonuniform  field  gap  system,  cor¬ 
ona  is  often  initiated  in  the  region  of  highest  field  at  a  potential  appreciably 
below  the  breakdown  voltage.  The  initiation  voltage  is  determined  by  the  de¬ 
gree  of  nonuniformity  of  the  field.  For  example,  with  sphere  to  plane  geom¬ 
etry  it  is  impossible  to  distinguish  between  corona  onset  and  breakdown  when 
the  gap  is  small  and  the  field  close  to  uniform,  whereas  at  larger  gaps  when 
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C^uge  pressure  ( its/in*-) 


Kij^ui'c  4.  6  Oi .  akduwii  voltuyt?  grudiiMity  I'oi’  .savci'a!  ”UHt>s  at 
high  pfL'S.sui'e.s  tot  unifoi’m  fioldsi  iiolwoon  stainless-stei'l 
oleotr'odo.s  and  liclwcon  aJaminiitn  ('iec-t  roclos. 
(Gradient  ia  the  n;<-an  values  ubtainuti  from  1/4  inch, 
i/2  inch  and  3/4  incli  gaps- -no  gap  depiMidence  was  seen.) 


SPARK  NUMBER 


Figure  4.  8  The  effect  of  spark  conditioning  on  the  electric 
strength  of  .tompressecl  nitrogen,  using  parallel  plane 
oxidized  copper  electrodes  of  2-5  cm  diameter  at  a 
spacing  of  1  mm. 


!ho  siluation  approaches  the  point  to  plane  configuration,  corona  develops  at 
the  sphere  at  voltages  significantly  bdow  the  breakdown  value. 

Nonuniform  field  geometries  tend  to  fall  into  the  following  general 
configurations- -coaxial,  sphere  to  plane,  point  to  plane  and  point  to  point  (rod 
gaps).  Examples  of  these  arrangements  will  be  treated  in  that  order,  pro¬ 
gressing  in  general  from  atmospheric  pressure  to  high  pressure  properties. 

Coaxial  geometries  have  been  studied  by  Uhlmann  using  both  dc 
and  The  data  on  Figure  4.9  compares  both  polarities  with  ac,  the 

broken  curves  showing  that  corona  developed  on  the  smallest  diameter  cylin¬ 
ders  at  voltages  much  below  breakdown.  In  the  absence  of  corona  the  maxi¬ 
mum  field  supported  on  the  inner  wire  is  approximately  38  kV/cm.  At  the 
smaller  internal  cylinder  diameters,  the  space  charge  prociuced  by  the  corona 

modifies  the  electric  field  in  the  region  critical  to  breakdown,  which  accounts 

(15) 

for  the  high  breakdown  voltages  at  lliosc  geometries  (Figure  4.  9).  Howell 
has  obtained  curves  of  breakdown  voltage  at  higher  pre’ssurcjs  for  four  differ¬ 
ent  cylindrical  arrangements  (Figure  4.  10).  As  shown,  thtme  is  a  distinct 
polarity  effect  with  the  sinal](?r  set  of  cylinders.  Witli  the  larger  cylinders 
Howell  found  it  inipossildc;  to  obtain  satisfactory  values  for  the  [lositive  polar¬ 
ity  which  ranged  erratically  between  50  and  80  pcrctmi  of  1ln>  negative  value. 

Sphere  to  plane  geometries  givi;  field  dist ribul ions  which  vary 
from  near  uniform  situations  when  the  gap  is  smaiJ  compared  to  the  sphere 

diameter  to  higlily  intensified  fields  around  (he  sphere  wile'll  the  gap  is  largo. 

( 19) 

Ganger  has  studied  sphere  to  plane  gaps  :i.l  pressures  from  -/.ei-o  to  forty 
atmospheres  (gauge)  with  I'csults  given  on  I''igur<.  i.  4.  11  and  4.  12.  h'iguro 
4.  11  for  a  5  mm  diameier  .S|ihere,  show.s  u  pronomu-fd  pidai-ii'  effuct.  It  is 
wortli  noting  that  fiere,  for  example  at  2b  atmosptir  res  guur,i',  the  [lositive 
value  is  greater  than  the  negative,  whereas  al  lower  pressures,  for  example 
at  less  than  about  7.5  atmospheres,  pariicularly  for  the  more  nonuniform 
field  conditions  (d  large),  the  reverse  can  be  true. 
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Breakdown  voltage  (kV) 


P'igure  4.  y  Breakdown  voltage  curves  in  air  at  751  nrim 
Hg  between  coaxial  cylinders  as  a  function  of  the  radius  of 
the  inner  cylinder.  The  radius  of  the  outer  cylinder 
is  constant  at  5  cm. 


Cduge  pressure  (fbs/in*) 

Figure-  4.  10  Breakdown  voltage  curves  for  coaxial  cylinders 
in  cornjjrcssed  air.  The  cylinder  diameters,  and  the  inner 
cylinder  diameter,  are  shown. 


Point  to  plane  gaps  have  been  studied  in  several  i'orms,  in  some 

oases  the  plane  taking  the  form  of  a  sphere  of  relatively  large  diameter.  The 

"points"  can  be  needles,  hemispherically-ended  rod,  conical  points  or  square 

(18) 

rod  (typically  1/2  to  5/8  inch  in  section  when  used  in  rod  gaps).  Uhlman 
has  reported  for  both  polarities  the  performance  of  conically  pointed  and 
hemispherically  ended  electrodes  at  gaps  up  to  9  cm  (Figure  4.  13  and  4.  14). 
The  presence  of  field  distorting  corona  below  the  breakdown  level  makes  it 
difficult  to  determine  before  hand  the  performance  of  nonuniform  field  gaps, 
particularly  where  the  gap  is  small.  This  is  well  illustrated  by  the  informa¬ 
tion  on  Figure  4.  15,^^^^  and  is  a  further  reason  for  designing  high  voltage 

equipment  to  be  corona-free. 

(15) 

Howell  has  obtained  the  data  shown  on  Figure  4.  16  for  nega¬ 
tive  point  to  plane  at  pressures  up  to  550  psig.  With  positive  points  there  is 

usually  a  pronounced  peak  in  the  breakdown  voltage  characteristic,  as  shown 

(21) 

in  Figure  4.  17.  This  is  attributed  to  a  modification  of  field  in  the  gap 
caused  by  space  charge  accumulation.  The  fact  that  nitrogen  does  not  show 
this  peak  in  contrast  to  the  electronegative  gases  suggests  the  importance  of 
negative  ion  space  charge. 

Point  to  point  gaps  generate  a  field  distribution  which  is  accen¬ 
tuated  at  each  of  the  points.  With  points  of  similar  geometry,  the  breakdown 
voltage  is  influenced  by  polarity  with  respect  to  ground,  as  would  be  expected 

since  the  field  at  the  grounded  point  is  less  than  that  at  the  high  potential  point 
( 19) 

(Figure  4.  18).  As  the  gap  between  points  is  increased,  the  breakdown 

voltage  becomes  less  dependent  on  the  geometry  of  the  points  and  this  has  led 
to  the  use  in  commercial  practice,  for  calibration  and  protection,  of  rod  gaps 
of  square  sec-tion,  typically  of  l/2  inch  or  5/8  inch  side  with  square-cut  ends. 


4.2,3  SF,:;  (Uniform  Field) 

Apart  from  air,  the  most  widely  used  gas  for  electrical  insulation 


is  SFg,  a  relatively  dense,  electronegative  gas.  Its  dielectric  constant  varies 


Figure  4.  13  do  breakdown  voltage  curves  for  air 
between  a  30°  conical  point  and  a  plane 
(atmospheric  pressure). 


Cl  a  3  4  S  t  r  t  9 


Figure  4.  14  dc  breakdown  voltage  curves  for  air  between 
a  he mispherically-ended  rod,  of  0.4  cm  diameter,  and  a  plane 
(atmospheric  pressure). 
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h^igure  4.  15  dc  breakdown  voltage  curves  in  air  at  atmospheric  pressure 
f(jr  various  combinations  of  point  and  sphere  electrodes.  The  sphere 
diameter  is  5  cm.  The  shaded  area  indicates  an  unstabh'  region. 


Figure  4.  16  Voltage  and  current  characteristics  for  a 
0.25  inch  and  0,  5  inch  gaps  in  air  between  a  negative  point  and 
a  plane.  Broken  curves  show  corona  initiation  potential. 


I’lgure  4.  17  Voltage  characteristics  for  a  positive  point-plane  gap 
in  compressed  air,  nitrogen.  Freon,  and  sulphur  hexafluoride. 


almost  linearly  from  1 . 00  to  1.07  over  the  range  0  to  22  atmospheres 


(22) 


The  Tasehen  curve  tor  SF  is  shown  on  Figure  4.  19, 

o 


(23) 


and  Table  4.3  shows 


the  do,  ac  and  standard  impulse  breakdown  voltage  under  near  uniform  field 

(24) 

conditions  at  jtressures  up  to  four  atmospheres.  There  are  no  large  dif¬ 

ferences  in  breakdown  voltage  at  each  pressure  and  gap  as  the  temporal  form 
is  changed.  A  maximum  difference  of  22%  exists  between  power  frequency 
and  impulse  sparking  at  four  atmospheres  and  0.  5  cm.  The  dielectric  strength 
relative  to  air  is  seen  to  be  close  to  2.  5. 

For  economy,  sulphur  hexafluoride  is  frequently  mixed  with  other 
gases  suc  h  as  air  or  nitrogen,  fractions  of  10-20%  giving  dramatic  improve¬ 
ments  in  strength  over  the  base  gas  (but  see  Section  4.8.2).  This  is  shown 
in  Figure  4.20  wliere  the  strengths  of  and  nitrogcni  mixtures  are  compared 
with  those  of  the  pure  gases  (upper  curves).  The  lower  set  of  curves  shows 

the  performance;  with  SF  and  air  mixtures.  The  large  superiority  of  air  over 

6 

nitrogen  at  Lhc  higiier  pressures  is  worth  noting. 


Further  data  on  the  effect  of  mixing  SF^  with  gas  at  atmosi)lieric 
pressure  is  given  on  Figure  4.21  and  Figure  4.22  wliich  show  eleariy  for  sev¬ 
eral  total  pressures  that  with  a  small  fraction  of  SF  performance  approacdi- 
(2,5)  " 

ing  that  of  pure;  SF^  '  is  realized.  The  curves  also  indicate  that  the  same 

pressure  and  gas  fraction  characteristic  pertains  with  an  insulator  bridging 

the  gap,  aithough  at  a  lower  voltage  level.  Figure  4.23  allows  the  effect  of 

adding  5%  SF  .  to  a  high  voltage  accelerator  insulated  with  50%  K  and  50% 
d  ( 2  (' ) 

CO„,  and  of  adding  1%  SF  to  an  80%  N  20%  CO.,  mixture.  This  aceei- 

eralor  had  a  coaxial  geonuHr’y  of  effective  length  about  10  feet,  outside  diam¬ 
eter  75  inches  and  inside  diameter  29  inches.  The  inner  conductor  wa.s  neg- 


al  ive . 

Studie.s  of  high  pressure  SF  at  several  hundred  kilovolts  have 
(27)  “ 

al.so  bei-ii  made  by  Nittrtiuer  using  electrodes  consisting  of  a  12  inch 
diarncitT  Dal  brass  region  sui'rounded  by  a  24  inch  diameter  "guard”  ring. 
Tljis  ring  was  made  ol'  aluminum  and  had  u  Itogt^w.ski  >  nlour,  to  presc-rve 
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Breakdown  Voltage  (volts) 


Kii’urc  -1.  1!)  I'.iscliiMi  viirv;'  I'or  sulfur  hexat'luoriilc  (y.ip 
1  nun,  |)ai-:i]lcl  «  i  rriilar  brass  plates.  -1  i  tulu's  i  n  1 1  i  anu't  e  i 
and  1  ! ■\  iiu  h  (liiek  uith  rounded  edffus  of  1/8  inrh  radius.  ) 


Table  4.3  Breakdoun  voltage  between  5  cm  diameter  spheres  in  SF 
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J''itruro  4.  21  lie  h rcakilown  versus  i^ap  leiiffth  in 

mixiur’es  (15  <mi  cliameler  uniform  field  elc'ctrocU’s) 


WITHOUT  INSULATOR  -45  p.s.i 


NO  RADIUM 

SFsN* 

ABSOLUTE  PRIiSSURE 


WITHOUT  INSULATOR-30 


0 - i 


WITH  INSULATOR -45p5j 


WITHINSULATOR-30p.s.ii 


WITHOUT  INSULATORHSpsi 
[WITH  INSULATOR -IsilTZ: 


10  iiO  30  40  50  60  ^ 

PERCENTAGE*/.  SF. 


80  90 


Figure  4.22  dc  breakdown  versus  uniform  field--l  cm 
gap  (15  cm  diameter  uniform  field  electrodes  and  porcelain  insulator). 


terminal  voltage  IMEGAVOLTS) 


l'’ig'iire  4.  23  Pr'climiaary  dc  breakdown  e.liaracterislies 
Tor  N2  aiidC02  gas  mixtures  between  coneentric 

c^ylinder  electrodes  with  a  gap  spacing  of  38.  3  cm 
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uniform  and  maximum  field  conditions  in  the  central  region  of  the  gap.  Fig¬ 
ures  4.24  and  4.25  show  the  data  obtained.  Comparatively  few  of  the  dis¬ 
charges  occurred  on  the  central  Ijrass  electrode;  most  developing  between 
the  aluminum  contours  and  at  the  junction  between  the'  tara.ss  anti  aluminum. 


parts. 


Several  investigators  liave  studied  Ihi;  effect  on  high  voltage  per¬ 


formance  of  a  dielcctru'  coating  applied  lo  the  ehmtrodc,’  surfaces.  Figure 
4.26  shows  data  obtained  by  Trump  and  I'hilp^^*^^  when  an  innt.'r  coaxial  con¬ 
ductor  was  coated  with  glyptol,  glas.s  or  iucile  to  a  tliicdeiu'.ss  ol'  1  .  1  mm.  It 
can  be  seen  tliat  with  bare  metal  the  maximum  voltage  insulated  is  higher 
wln;n  llu’  inner,  higlii'r  field,  eonduelor  is  po.sitivu  '•■uiier  titan  negative, 
which  might  lie  expc'eted  from  electron  field  emission  and  its  potential  effect 
on  breakdown.  The  applieation  ui  a  dieleelrie  U>  Ihe  high  field  (inner)  con¬ 
ductor  roughly  double.s  the  iiisulalion  .strength  when  llii‘  (-(mduetor  is  negative 
because  of  the  sui)pres.si()n  of  field  emission,  and  Inns  liiiU'  (d'fect  whem  it  is 


posit  ive . 


I'kir  condilitjus  where  the  field  iniensifieal  ion  is  nol  giatat  as  evi- 


denct.d  by  the  eorona  unset  ap|)roaehing,  or  I'oiiu-iding  uilh,  llu  bn.'aki.lown 
voltage  there  is  good  agremneni  InnvM.'en  the  power  fre(|U('ney  and  dc'  pt'rform- 

anco,  and  power  rrecjLU’ney  data  eun  be  nseil  f<  ;■  de  design  and  viee  versa. 

”  (29) 

This  is  shown  on  h’igure  4.'27’for  1/2  ineh  spm'ri’  to  plane  eieeti'odes. 

This  figure  also  shows  the  supi-riur  strength  of  the  point  lo  [)lane  gap,  rela¬ 
tive  to  the  sphc're  to  pJane  gap,  through  spac:e  (.-harge  modifieation  of  the 
field.  This  is  because  of  the  intense  c-orona  in  the-  point  to  [))ane  gap,  a  most 
undesirable  eundition  in  mu.st  praeiit  al  .situations  beeausi'  of  ehemical  dete¬ 
rioration  of  the  SF 

o 


4.2.4  SF5  (Nonunifurni  f-’ield) 


Howard  has  studied  exten.sivcbly  the  dielectric  properties  of  SF 

(241  ^ 

at  different  pressures  and  with  various  electrode  geometries.  F’igure 
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D.C.  VOLTAGE  B.REAKD.OWM 


PRESSURE  (PSIG) 

I' iffui'c  4.  25  dc  voltugc  brciikdowii  voc’yuy  gauge  presyurc'  of 
for  12  inch  diomtUi-r  Ijrass  parallel  plane  elerlrndes  at 
gaf)  sparings  of  0,25  inch,  0.5  inrh,  1.0  inch,  and  1.5  inch. 


POTENTIAL  IN  KILOVOLTS 


1000 


VARIOUS  COATINGS  ON 
INNER  CONDUCTOR (116cm 

diamialuminum  outer 

CONDUCTOR  (25  cm  DIAM) 


LUCITE(-)a 


383 


NITROGEN  GAS 
POLARITY  INDICATED 
IS  THAT  OF  INNER 
CONDUCTOR 


PRESSURE  IN  ATMOSPHERES 


TTgure  4.  2(i  Sparking  voltage  in  euncentrii-  cylindrieal  system  as 
function  of  gas  prc-ssiir*'  -  various  (.:oatings  on  inner  con¬ 
ductor  (1  1.  5  cm  oiamctcr;  alutninum  outer  e(mdiu;ior 
(2b  ern  diameter) 


I-  P0l»*T  TO  PtAhE  CUCCTAOOES 

7-  ^  SPHERE  TO  PLANE  ELECTRODES 

1  1 

. I  u  ...  I  . -....-i  . I 

0  0.9  1.0  I.ff  2  0 


Gap  Dislum-L',  Inches 


figure  4,  27  'I’hc.*  compuralive  dicleclrir  strengf h  ul  suifui- 

hexafluoride  gas  tesletl  undei'  de  uikI  ae  voltage  at  room 
temperature  and  pressure. 


ae  voltage  -  (JO  cycles, 
dc  polarity  -  positive. 


■1.2H  .sliDws  (Ic,  ac  and  impulse  breakdown  voltaj^es  and  corona  inception 


levi-ls  plotted  :ij/ainsi  the  raiitj  of  diamotcirs  for  coaxial  c.doctrode  arrange 

UK-;  outt.'i’ 

,,.(29.  SO) 


(29) 

meni.s,  \'.'lu.'r(-  iin(^  outto’  electrode  had  the  tiianieic;  r  3  eni.  !■  inures  4.27 


and  4.29  to  4.32'“'’  liave  been  .si;Jcr,4ed  from  the  lit  e  rat  u  re  a.s  repre.scni  a- 
live  flata  cai  ollu'r  ncjnuniforn>  fitdd  ^>eoiTie)  ries ,  inidudiiiff  sm  ill  .spher-e/ plane, 
poinl/plane  and  rod  p'aps  under  various  pressure  eondb  ions. 


4 .  .3  ae  Troperties 

4.3.1  Air  (Uniform  l''i(,'ld) 

As  ncjled  [(reviously  I  lie  pi  rformanee  ol  uniform  fiepi  t!a|)s  iituli  r 
powc’r  frequeney  voltaic;  is  esseni  i;illy  the  same  as  uuilet'  eontinuou.s  voltage. 
'Tabulations  are  available,  foi'  exain|)ie,  in  refereiue  (7),  giving  data  for  uni¬ 
form  field  gaps  and  for  the  Cjuasi  uniform  field  sphere  gaps.  .At  much  higlu.’r 

frequencies  (above  the  au'lio  I'aiigi.*)  breakdown  voliagi'  falls  behn'.  llu.’  de  valiu;, 

( 7 )  ,  . 

as  has  been  discussed  sweeincily  by  Meeds  and  Crtiggs.  I  he  toilowing  is  a 
condensation  of  iludr  discussion  whicdi  su()plies  die  ridevnint  references. 

At  tlie  higliei'  I  rcqueneie.s  where  positive  ions  have  insufficient 
time  to  I'foss  the  gap  in  hall  a  eyide,  a  Space  charge  develops  uliieh  distori.s 
the  fiedd  and  ri'diK-es  the  breakdown  sirengih  below  the  de  value.  I’lie  h;i  ak- 
(lown  ijr'oeess  is  further  romplieated  where  die  fre(|U"Ui  is  siiffii  ieui  ly  high 
to  trap  electrons  which  oscillate  wilhm  die  gap  and  produce  eumulati\-e  ion- 
izal ion . 

Studies  of  liigli  fre(|uenev  di.s  -liarges  in  air  have  shown  that  for 
gap.s  up  to  2.5  cm  pel  wi  en  splie  ri  ns  i  >1'  (>.25  cm  d  i.ur  el  e  r  i  he  ri  ■  is  no  apjiree  i 
able  eliange  in  hi  ealsduwn  voltages  for  frequeneims  up  to  20  ke/s.  T'rom  20  to 
no  ke/s  there  is  a  itrogressive  lowi-ring  of  the  breakdown  voltage  of  a  giv  -n 
gap  as  the  lre(]ueney  is  raised  Iml  at  higher  friw|uencies,  up  to  the  niaximuin 
of  42.5  kf/'s  usetl,  l.he  hreakdown  vidtage  of  a  given  gap  is  constant  at  about 
1  .a'A  Ixdow  die  vah.K.'  at  00  e/s. 
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vver  frequency,  positive  dc  and  impulse, 
gative  de  and  impulse, 
isitive  impulse  with  radium. 


Ratio,  SF^/A 


1 '  rcssu  ic  -  Al  iii'jsplu’ ri'S 


i'Amiri'  4.2!l  'I’lif  i-ulio  ot'  llic  (■oia)ii.i  aii'l  hi’iMkiiown 
volta.ai’S  I'oi’  ;n  r  atid  a.s  a  rmu-lion  ot  tlu'  iistiaa 

I'onclilions  in  a  nonuni I'oi'in  fiold. 


;ic  ((50  rps) 


Kilovolts 


'i^^uro  4.32  The  c-orona  hfoakflown  ri'lation  for  sulfui’ 
hexafluoride  as  affecled  by  pressure'. 


Ixlc'C'i  r'odi's  -  1/2  ini-b  square  I'ocis. 
'I'e.st  f^ap  2  inehes. 


Similar  resultt  have  subsequently  been  obtained  with  different 
types  of  gaps  for  higher  frequencies  and  voltages.  In  several  of  the  investi¬ 
gations  voltages  up  to  about  150  kV  at  frequencies  up  to  1  Mc/s  have  been 
used.  The  results  show  that  the  lowering  of  the  breakdown  voltage  at  the 


higher  frequencies  is  appreciably  greater  for  gaps  in  which  point  electrodes 
are  present  than  for  uniform  or  nearly  uniform  fields,  as  shown  by  the  curves 
of  Figure  4.33,  Similar  studies  for  point-plane  gaps  show  the  lowering  at 
370  kc/s  being  46%  for  a  3  cm  gap  and  70%  for  a  25  ern  gap,  as  compared 
with  the  power  frequency  values. 

In  the  ca.so  of  breakdown  between  splr-res  or  platens,  several  of 
the  investigators  record  a  critical  ga|)  Ic'ngth  behow  which  the  breakdown  volt¬ 
age  is  indepondeni  of  tlu;  frequency,  Hit'  critical  gap  Itmgth  decreasing  with 
increasing  frequency.  This  gap  is  stated  to  he  0. 45  cm  at  1  10  kc/s  and  0,09 
cm  at  995  kv.J a.  Consideration  of  positive  ion  mobilities  shows  that  those 
critical  gaps  correspond  roughly  to  those  for  which  accumulation  of  positive 


ions  may  be  expected  to  occur  in  the  gap,  with  a  consequent  space-charge 

distortion  of  the  field  and  a  lowering  of  the  tireakdown  voltage'. 

(31) 

Ganger  has  obtained  data  on  the  breakdown  of  air  at  pressures 

5 

up  to  40  atmospheres  in  near  uniform  field  conditions  at  1.05  x  10  Hz  and 


compared  it  with  the'  dc  levels  (Figure  4.34).  It  can  be  seen  that  particularly 


at  the  highest  pressures,  the  rf  brc'akdown  voltage  is  considerably  below  the 

(32) 

dc  level.  At  higher  frequencies,  in  the  megacycle  range.  Bright  has  in¬ 


vestigated  the  breakdown  of  short  gaps  in  air,  nitrogen,  oxygc'n,  and  C  ^12^2 
at  one  atmosphere,  and  stiown,  as  at  the  lower  frequencies,  that  there  is  a 


critical,  frequency- related,  gap  above  which  the  breakdown  voltage  falls  be¬ 
low  the  dc,  or  low  frequency,  level  (Figure  4.35). 


Agam,  the  effect  is  attributed  to  trapped  positive  ions  oscillating 

(33) 

in  the  gap.  In  the  frequency  range  between  100  to  300  MHz  Pimm  has 
obtained  the  breakdown  curves  shown  in  Figure  4.36.  At  much  larger  gaps 


the  breakdown  gradient  tends  to  a  constant  value  of  29  kV/cm.  When  pressure 
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IS  \'ai'icd  over  the  range  59  to  1000  torr  the  brciakdown  voltage  at  200  MHz 

(20) 

varies  with  gap  as  shown  on  Figure  4.37.  ""  The  significance  of  this  data 

to  airborne  packages  in  rarefied  atmosplie res  is  obvious.  In  the  gigahertz 
(34) 

range,  Coo|:]er  has  studied  tho  breakdown  of  coaxial  lines  and  waveguides 

at  wavelengths  of  10,7  cm  and  3.  1  cm.  Pressure  was  varied  from  20  torr  to 

one  atmosphere  with  a  microwave  pulse  duration  of  1  microsecond  repeated 

at  400  pps.  One  set  of  results  compared  with  tlu;  positive  dc  case  is  shown 

(3  5) 

in  F'igure  4.  30.  Using  tlie  same  microwave  f requt.’ucies  I  (i.sin  has  con¬ 
ducted  breakdown  studies  with  (julse  duration  varic'd  from  0.3  microsecond 
to  5  microseconds.  F’or  exiunple,  with  a  0.43  cm  gaf)  in  air  at  one  atmos- 
(jhere  the  3  cm  breakdown  voltage  was  indigjendent  cjf  pulse  duration  above  4 
microseconds  and  increased  by  aboiil  30%  for  a  0.3  miimo, second  pulse.  S.  C. 
Brown  and  his  colleagues  have  studied  extensively  the  9.  G  cm  microwave 


breakdown  in  cavities  and  coaxial  lines  at  fi-actions  of  an  atmosphere,  and 
developed  a  new  theory  of  ultra  high  frequency  btauikdown. 


4.3.2  Air  (Noiiuniform  Field) 

In  cdectrie  field  systems  where  tlu're  is  strong  intcmsification  at 
one  of  ih(?  electrodes,  corema  will  be  present  over  a  eonsidi' rabk’  voltage 
range  Ijelow  the  breakdown  value.  As  has  ahasady  been  discussed,  the  space 
charge  associated  with  this  corona  cun  strongly  nu'dity  tin?  initial  field  dis¬ 
tribution  and  lead  to  surprisingly  high  breaktlown  levels.  In  the  ac  case,  the 
presence  of  this  corona  sp.ncc  chargi'  field  can  produce  a  gap  current  which 
is  out  of  pha.se  with  th..’  voltage  acro.s.s  the  gap. 

It  was  noted  pi’eviou.sly  for  the  uniform  field  east.',  that  the  fre¬ 
quency  of  the  applied  voltage  cun  affect  the  breakdown  level.  .Similarly  in  the 
nonuniform  field  case,  the  frequency  eau  influence  the  voltage  at  which  corona 
develop.s.  This  is  shown  on  Table  4.4  where  the  corona  onset  voltage  for 

wires  mounted  concentrically  within  a  5  cm  diameter  cylinder  is  given  for 

(32) 

frcjquencios  up  to  9.4  Mc/s.  The  ac  corona  onset  and  breakdown  voltage 
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^  lOOOl 


G9P  wtach  (mm) 


Figure  4.  37  Variation  of  breakdown  voltage  with  gap  length 
between  plates  in  air  at  200  Mc/s  for  different  gas  pressures. 


p  (f/)m  Hy) 


Figure  4.  33  Variation  of  breakdown  voltage  with 
pressure  for  coaxial- line  spark-gap. 

Diameter  of  outer  conductor  -  1.  04  cm. 
Diameter  of  inner  conductor  0.  404  cm. 


Table  4.4  Onset  voltage  at  several  frequencies  for 
visual  corona  on  wires  coaxially  williin  a  5  cm  diameter  cylinder. 


Frequency 


Wire  Diameter 
in  mm 

00 

c/s 

1 .  fi 

M  c  /  s 

3.0 

IVTc  /,s 

3.  5 
Mc/s 

4.0 

Mc/s 

n,  4 
Mc/s 

0.  31  fi 

7.  no 

7.0 

fi.  80 

fi,  40 

6.  1  5 

6.01 

0.  274 

7.  30 

fi.  05 

fi.  40 

5.  no 

5.  fiO 

5.  62 

0.234 

0.  75 

5.  no 

5.  85 

0.  50 

5,00 

5.10 
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t'or  sphere  to  plane  gaps  is  she  vn  in  Figure  4.39.  e  curves  A  corres¬ 

pond  to  the  voltage  at  which  the  corona  discharge  can  be  detected,  and  it  can 
be  seen  that  at  the  smaller  gap  spacings  where  the  field  is  most  uniform 
breakdown  occurs  before  the  corona  level  is  reached.  At  the  large i’  gaps 
corona  develops  before  the  breakdown  level  is  reached.  The  tendency  to 
approach  the  point  to  plane  gap  breakdown  voltage  at  the  larger  gap  spacing 
and  smaller  sphere  diameter  is  quite  evident  on  the  figure,  and  is  further 
support  for  the  comments  on  rod  gaps  for  calibration  and  protection  purposes 
in  Section  4.  2.2.  Table  4.  5  gives  minimum  60  Hz  breakdown  voltage  for  1/2 
inch  rod  gaps  in  air  at  atmospheric  pre-ssure  for  various  spacings,  compared 
with  the  impulse  voltage  levies.  Figure  4.40  sliows  the  performance  of  rod 
gaps  (for  nitrogen)  as  the  pressure  is  iiu-reased  to  200  psia. 


4.  3.  3 


Sulfur  Hexafluoride  (Uniform  Field) 


As  already  noted,  the  dielectric  strength  of  SF  ,  relative  to  air  in 

6 

a  uniform  field  situation  is  a|)proximately  2.  5,  whc’thtn'’  the  applied  voltage  is 
ac  or  dc.  This  relative  strength  increases  as  the  electric  field  departs  from 


the  uniform  field  condition  as  shown  on  Figure  4,4  1. 


(40) 


As  pressure  is  in¬ 


creased  from  atmospheric,  the  electric  strength  increases,  at  first  almost 

(41) 

linearly  (Figure  4.42),  Tlie  data  on  F’igure  4.43  for  0.5  inch  diameter 

sphere  to  p.tane  electrodes^^*^^  .show  the  performance  for  near  uniform  field 
conditions  (intensification  approximately  70%  for  0.5  inch  gap)  and  for  strongly 
nonuniform  field  conditions  (intensification  7  for  1.5  inch  gap).  At  atmos¬ 
pheric  pressure  the  maximum  breakdown  stress  on  tlu;  sphere  is  75  kV/cm 
for  the  near  uniform  field  case  and  194  kV/cm  for  the  nonunifoi’m  field  situa¬ 
tion- -  showing  again  the  high  strength  of  nonuniform  fieUl  geometries. 

Th(!  performance  of  SF^at  100^  C  over  the  pressure  range  up  to  40  psig  is 
given  on  F'igure  4.44  '  where  it  can  be  seen  (cf  Figure  4.43)  that  the  in¬ 

crease  of  temperature  has  dropped  the  strength  by  15%  for  the  0.  5  inch  gap. 

Howard  has  investigated  the  effect  of  frequency  on  the  strength  of  SF  and 

6 
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Figure  4.  3  9  Urcakdown  voltage  and  corona  onset  voltage  curves 
for  sphcrc-'plane  gaps.  'I’lio  point-plane  breakdown 
voltage  curve  is  added  for  conaparison.  (Ckirves  A  are 
for  corona  onset.  Curves  B  are  for  breakdown.  ) 


Table  4.5  Minimum  breakdown  voltages  in  kV  for  GO  Hz  and 
impulse  voltages  applied  to  gaps  between  1/2  ineh  square 
rods  in  air.  Polarity  shown  is  th.at  of  the  ungrounded  rod. 
(barometer,  30  inches,  temperature,  11^  F, 
humidity,  0.  fiOGb  in  vapor  pressuro)^'^^^ 


Gap  in  Inches  AC 

1/5  usee 

Wave 

1,5/40  usee  Wave 

- 

4- 

- 

0.  5 

16.  5 

22 

23 

22 

23 

1.  0 

32 

38 

38 

38 

38 

e.  0 

105 

143 

146 

128-141 

143 

15.  0 

210 

340 

335 

275 

309-342 

40.  0 

545 

835 

875 

650 

7  40 

70.  0 

940 

1425 

1515 

1095 

1235 

100 

2010 

— 

1530 

_ 
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l'’if.jure  4.  40  HO  c'/>j  and  impulse  brcakdewn  voilaj.;e  eurves 
between  0.  5  in,  square -c;uL  rods  iu  euinin’ussed 
nitrof^en.  'I'lio  I'igures  against  the  curves  givt;  llu'  gap  lengtli 

Curves  A,  and  C  00  e/s  breakdown. 

Curves  li  and  I'i  HO  e/s  corona  onset. 

Carves  i'’,  C,  and  II  impulse  breakdown. 


Gap  Spacini;  (im-iirs) 


Fig^n'c*  4.41  (iO-cyrli-  rclalivi*  strenfflli  af  siillur 
hi?xanuor'i(ii'  lo  dry  air  as  a  lunrlioii  of  confifjuration 
and  spacing  of  Ihc  cirri  rodrs.  Gases  al  25'^’  C  and  at 
a1  tnosphr  ri  prr  ssu  I'C . 


fiauyi'  I’ffssinr,  ]hs/.s(j  iiu-ti 


Fij^ure  4.44  (iO-cv'  li'  l.'i''.‘;ik<l()\vn  volliiffc.s  of’  ^’^1' (;  iit  100^  C 
as  a  func’l  ion  of  pra’ssiiro.  I.’ln  l  rode.;  0.  5  inrli  sUiinloss 
sice]  .snhior'r.s  to  .4  iiu'li  diaiiK'U'r  piano. 


■  liij.vii  illut  ii  rl.triuiris  .subsiariVia.  jv  f.onrs'ant.  lor  unil>jrrr,  'j-'-omf;'  :'i‘:  s 

(24) 

i<i  I  r-i  qii'Ti'  i'-s  as  shown  on  I  al^jo 

As  v/iiti  f.h'.-  fJr  o-;jiS<-  'h':  a<:  s'ror.t^'h  of  mix's.'''.-.-;  of  SF  .’.irh  air 

6 

or  n'n.rou!ii  i r'-laiivoly  fiitffi  for  snjaji  •  r-'-oni  ajL'os  of  SI-  ,  Fiffur'.  4,4.5 

f) 

shcjws,  lor  '  xarrifjl'.',  ihiat.  ;jir  v.-iifi  15%S1''  f^y  '/olijm';  fia.s  ■'.'.ico  'ho  .st ro.na'h 

,  .  r22) 

of  pur'.' 

In  rii  I ,  wit.li  m.-ar  uniform  fiold  crondit.iorir-  in  o  ..  ro  SF  ,  or  in 

inixlijrr-.s  '.vjif]  o'fj'  r-  i.qj.,srj.s,  '.'.hf.-ro  br''akdo'.vn  i.s  not  pru'  ■'■'■i'-o  rr.'  no.-'o-na,  *he 

(lif.'loctr  ic  .SI r'-ncjlti  cor rt.-spond.s  tfj  tliai  of  tin.-  dc  polarit'.'  '.'.hie  h  ha.s  ■hr-  lov  or 

(42) 

vn.)ui'  (u.sna'lv  ncya'ivc.'),  Kawaj'ijcfii  d  a).  ha'.'o  sher.vn  this  in  their  stud;. 

ol'  thf;  fjower  frf.'qui.nc.-y,  S'.vitr  hiiiiJ  impulst-  and  .standard  impulse  .strenftih  of 

in  rif.-ar  nniforni  fic-FJ  cinKiitirms  (ijianc-planc,  .splic rC' -  .sphf; re .  and  coasiai) 

Vedtatp'S  up  1.0  1 ,  .5  MV  wttre  u.scd.  (Jver  tht;  pr'-ssur't  rani,".-  t.'Xarninei'l,  up  to 

2 

4  kj{/<:m  (57  |j,siu),  tli';,'/  f'cnitif]  HiJii,  ifn.-  p(;.siiivt.'  impulsi;  s'j-enyth  ■.■•as  given 

by  the  re Jali ftn.shijt  F/p  =  Hfi.  I  kV/ejn/kg/cm^  as  was  the  pcj'.'er  frequency 

2  2 

si. retKtt.fi  for  pr  ;ssu  res  U|)  to  2  kg/ern  .  Al.)OV(.'  2  kg/cin  the  power  frequoncN' 

strt.'ngth  versus  ttrt.'.ssurc  relation.ship  showed  a  .sii'ong  levelling  off.  This 

can  be  st.'cn  on  Figure;  4.4fi.  'I'hey  also  concluded  that  polarity  effects  are 

2 

promiiHtnt  :.d  pressur'es  above;  I  kg/em  with  tin;  nt;gaiive  bn.'akdown  gradient 

2 

bceiJiTiing  .signifi(;anlly  It.'SS  than  that  indicated  by  J'-'/p  =  5B,  1  k V/cm / kg/ cm  . 
)41(jctr(;d(.'  material  and  smoothn(;s.s  wi;r(;  not  imttortant  in  the  pre.ssure  range 
examinetl.  It  wa.s  .suggested  tfiut  electrode  arita,  duration  of  applied  voltage, 
and  gtis  pressure,  an;  influential  Jaelor.s  in  the  deert'ase  of  negative  break¬ 
down  gratJi(;nts  b<;low  the  fto.sitivc  value.s. 


4  .  ;i .  4 


Sulfur  llexalluoridc  (Norniniform  I'icld) 


Nitta  and  Shikuya  '  have  studied  both  theoretically  and  experi- 

mientaliv  I  ht;  discharge  eharaeteristies  of  SF  in  nonuniform  field  geometries 

o 

undf.'r  power  fn;quency  voltages  up  to  GOO  kV  peak.  The  strength  of  SF^ 
r< dative  to  air  falls  rapidly  as  the  field  becomes  even  slightly  nonuniform  as 


^3park  Over  kvp,  60  cycle 


Table  4.  6  Effect  of  frequency  on  breakdown  in 


990  kHz  Breakdown 

6  0  Hz  Breakdown 

Gap  cm 

Voltage  (kV  peak) 

Voltage  (kV  peak) 

0.  3 

26.  4 

27.  0 

U.  4 

34.  3 

36.  1 

0.  5 

44.  3 

45.  0 

i''igure  4.45  Effect  of  uir  on  dielectric  slrenj^th  of 

1.0  inch  diameter  sphere.s--0. 25  inch  .spacing 
1200  eu.  inch  encioaecl  vessel 
atmospheric  pressure-- room  temperature 
voltage  increase  1  kV  (peak) /minute 


/ 

i 
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Figure  4.  4G  Critical  breakdown  voltage  between  43  cm 
diameter  Rogowski  profiled  electrodes  as  function  of 
p  X  d  (corrected  to  20°  C) 

(a)  Standard  1,  1/40  microsecond  impulse  voltage 

(b)  50  Hz  power  frequency  voltage 


shown  in  Figure  4.47’'=.  This  in  explained  in  terms  oi  streamer  foimation 

g 

when  the  avalanche  population  is  of  the  order  10  ,  Good  agreement  was  ob¬ 
tained  between  theory  and  experiment  as  shown  by  the  curves  for  sphere  and 
rod  gaps  given  in  Figures  4.48,  4.40  and  4.50.  The  expression  they  developed 
for  the  discharge  voltage  for  arbitrary  electrode  geometries  is 


''d  =  “P*"  V’ 


where 


and 


iE/p)  =  a  constant  =  80  kV/cm  atm 
crit 

E  =  field  (kV / cm) 

p  =  pressure  (atm) 

1  =  gap  length  (cm) 

k  =  0.  175  (atm^^^  cm^^^) 

R  =  radius  of  sphere  or  rod  tip 

u  =  E'  average/E  maximum  (Figure  4.  51) 


where  pR  is  large  this  expression  becomes 


(3) 


''d  •  ‘'"'p’c-it  "!’* 


(4) 


It  is  questionable  whether  this  expression  can  In;  used  for  all  non- 
uniform  field  geometries,  and  as  a  consequence  it  is  useful  to  have  empirical 
information  available.  Examples  from  the  literature  for  difft'renL  geometries 
and  pres.sure  regimes  are  givcm  in  Figures  4.27,  4.28,  and  4.52  through  4.  58, 


"'Strength  here  is  defined  as  the  voltage  for  either  corona  onset  or  breakdown, 
and  should  not  be  confused  with  the  corona  stabilized  breakdown  strengths 
discussed  in  the  previous  section  (e.g..  Figure  4.41). 
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Figure  4.  47  ac  breakdown  voltages  of  sphere- sphere 
gap  as  a  fuoetion  of  sphere  radius. 


Figure  4.  48  ac  breakdown  voltage  for  gap  A 
(150  mm  diameter  spheres). 
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i 


l''igure  4,  49  ac;  breakdown  or  corona  inception  voltage  for  gap  R 

(.'10  min  diameter  rods). 


Spjcc  if  Pi ) 


l’'igure  4.  52  Breakdown  voltage  curves  for  various  gases  be¬ 
tween  a  hemispherically-ended  rod,  of  0.  linch  diameter, 
and  a  sphere  of  1.  0  inch  diameter.  The  gas  pressure  is  1  atm. 


0  0.5  1.0  1.5  2.0  2.5 
Space  (inches) 

(a) 


(b) 


Figure  4.  53  Breakdown  voltage  i-urves  I'oi'  SF^  at  various 
pressures  t  a  function  of  the  spacing  between  a  hemispherically- 
oncicd  rod  ■  >  inch  tliameter  and  a  sphc're  of  l.O  inch  diameter, 

(a)  ()U  /s.  (h)  Megative  rod-plane  (imi)uls(') . 

(c)  Positive  rod-plane  (impulse). 


Gas  Pressure  (Ibs/sq  in. ,  abs.) 


Figure  4.  54  Breakdown  voltage  characteristics  witli 
point- sphex’e  electrodes  for  c. 


Voltage  (kV,  Crest) 


4.  4 


Impulse  Properties 


4.  4.  1 


General 


The  impulse  performance  of  gas  gaps  depends,  to  varying  de¬ 
grees,  on  time  lag  effects.  As  already  discussed,  the  time  lag  can  be  sep¬ 
arated  into  two  parts,  one  (statistical)  relates  to  the  need  for  an  electron  to 
initiate  the  discharge,  and  the  other  (formative)  to  the  time  involved  for  the 
growth  of  the  discharge  once  initiated. 

The  statistical  time  lag  is  determined  by  the  amount  of  prcioniz- 
alion,  and  where  gaps  arc  used  for  calibration  purposes  it  is  common  to  pro¬ 
vide  a  source  of  preionization  such  as  a  uv  lamp,  a  radioactive  element,  a 

corona  source,  or  another  discharge  gap.  The  nature  of  the  electrode  sur- 

(44) 

faces  also  influences  the  time  lag,  as  is  shown  on  i'Tgurc  4.  57.  In  these 

plots  the  ratio  represents  the  fraction  of  total  impulses  having  a  time 

lag  greater  thai\  t.  The  statistical  time  lag  has  been  .shown  to  bo  related  to 

the  work  function  of  tlie  catliode  and  can  be  doereased  us  muc;h  as  lO'^  in  some 

situations  by  change  of  material,  i'’or  example,  in  one  c;a.se,  a  change  of 

cathode  surface  from  copper  oxide  to  I'lloktrou  (a  magnesium  alloy)  has  been 

(45) 

shown  to  decrease  the  statistical  time  lug  from  5(1 0  microseconds  to  0.  16. 

I’he  prest'nec  of  intense  illumination,  foi'  example  that  from  a 

close  electrical  discharge  of  several  joules,  can  lower  the  impulse  strength 

significantly  below  the  dc  level  (c.  g.  20%).^"^**^  h'his  obviously  is  one  way  to 

trigger  a  spark  gap  (Sechion  5.  3); 

(47) 

l'|CTsenthal  and  Proud  have  studied  the  lorinative  breakdown  ol 
gases  using  nanosecoivd  pulses.  In  their  case  stalistieal  lag  was  eliminated 
by  directing  ultraviolet  illui'ninatioii  from  an  adjacent  discharge  on  to  the 
cathode.  Earlier-  investigators  liad  theorized  that  formative  time  lag  was 
based  on  streamer  processes  which  involve  space  charge  distortion  of  the 
initial  field  in  the  gap.  l-'clsenthui  and  Proud  within  defined  limits  developed 
a  theory  based  on  the  initial  field  remaining  undistorted  and  showed  that  it 
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Figure  4.  57  Influence  of  the  nature  of  the  electrode  surfaces  on  the 
time-lag  distribution  curves  for  a  gap  of  1.  1  mm  between  5  cm 
diameter  spheres.  The  gap  is  subjected  to  an  impulse  voltage 
of  6.  5  kV,  the  dc  breakdown  voltage  being  5.  0  kV. 

1.  Oxidized  copper  electrodes,  weakly  illuminated,  cleaned  with  alcohol. 

2.  Copper  electrodes,  unilluminated,  cleaned  with  alcohol. 

.'3.  Copper  electrodes,  weakly  illuminated,  not  cleaned  with  alcohol. 

4.  Copper  etectrodes,  weakly  illuminated,  cleaned  witli  alcohol. 
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agreed  well  with  experiment,  A  summary  of  their  formative  time  measure¬ 
ments  in  nine  gases  is  shown  on  Figure  4.  58. 

Interest  in  impulse  voltage  strength  can  be  roughly  classified  into 
three  areas  according  to  the  pulse  duration.  These  separate  duration  ranges 
are  associated  with  switching  surges,  lightning  transients,  and  faster  phenom¬ 
ena  such  as  flash  X-ray  pulses.  Switching  surges  on  power  transmission 
lines  typically  have  durations  in  the  millisecond  region  and  dielectric  per¬ 
formance  is  generally  similar  to  that  under  ac  conditions.  No  standard  switch¬ 
ing  surge  waveform  has  been  agreed  upon  to  date,  however,  a  wave  with  200 
microseconds  risetime  and  2000  microseconds  falltimc  (200/2000)  is  a  good 
average  of  the  several  shape's  being  used.  Lightning  transients  on  power  lines 
usually  generate  surges  at  least  an  order  of  magnitude  less  in  duration,  which 
has  led  to  the  somewhat  arbitrary  adoption  of  the  standard  double  experimental 
impulse  testing  waveform,  with  a  1.5  niicruseeuii<i  riselime  (10-90%),  and  a 
45  microsecond  fall  lo  the  half  amplitude.  This  waveform  (1-1/2/45)  is  stan¬ 
dard  in  the  U.S.  with  tlie  essentially  similar  1/50  being  more  commonly  used 
in  the  U.K,  and  Europe.  Waves  of  1/5  shape  are  also  used  occasionally  for 
test  purposes,  with  choppc'd  waves  also  being  of  intert'st  for  some  applications. 
Dielectric  performance  under  even  shorter  duration  ))ulses  (  <1  microsecond) 
is  of  interest  for  flash  X-ray,  elect ro-magnctic  [)ulsi'  generation,  plasma 
physics  and  high  power  radai',  and  recently  high  power  pulses  in  both  the  nano¬ 
second  and  microsecond  range  have  been  I'equired  for  laser  excitation. 

4.4.2  Air  (Uniform  I'ield) 

The  most  extensively  studied  gaji  geometry  is  that  between  spheres, 
where  essentially  uniform  field  conditions  exist  for  small  gaps  (spacing  much 
less  than  the  sphere  radius).  For  impulse  voltages  with  wavefronts  at  least 
1  microsecond,  the  wavctails  greater  than  5  microseconds,  there  is  close 
agreement  with  power  frequency  and  dc  values.  The  positive  strength  tends 
to  be  slightly  higher  than  the  negative.  The  differences,  are  significant  for 


-108- 


calibration  purposes  but  hardly  so  for  design.  At  the  shorter  pulse  dura¬ 
tions  the  improved  performance  over  dc  or  power  frequency  voltages,  because 
of  time  lag  effects,  can  bo  determined  from  F'igure  4.58,  For  example,  these 
curves  relate  the  formative  time  of  the  discharge  for  each  gas  for  each  field 
strength  at  a  given  pressure,  and  there  is  thus  a  relation  between  the  dura¬ 
tion  of  the  pulse  and  the  electric  field  necessary  to  cause  breakdown  in  that 

elapsed  time.  Several  investigators  have  studied  the  overvolted  breakdown 

(40) 

of  sphere  gaps  in  air.  For  example',  Bellaschi  and  Teagtit?  found  a  ratio 
of  breakdown  voltage  at  0. 2  microsecond  time  lag  to  that  at  2  microseconds 
time  lag  of  about  1.7  for  Ihc'ir  more  uniform  field  .siiuafion  (e.g.,  with  d  =  2R). 


4.4.3 


Air  (Nonuniform  b'ii'ld) 


Very  significant  diffen'ncc'.s  can  b('  obtained  between  positive  and 

negative}  impulse  breakdown  vulture}  for  strongly  ne>nunife)rm  fie;id  geometries 

as  shown  on  Table  4.7,^'^^^  whtcli  is  for  1.5/40  mieroseeond  wave  bre'akdown 

in  air.  The  impulse  str'eiigth  e)f  rod  to  plane  g;ips  ui  spe.'cific  e'lapsed  tinu;s 

for  the  sumo  impulse  wave’  e-an  be'  e'ompareel  will)  the  GO  II/.  value  on  Figure 

4.59.^^^^  Further  voltage'  lime  e  hai'acteristics  oljlaiiieel  by  Tlclo  c^t  al.^^^^and 
(5.3) 

Bowdler  et  al.  arc?  shown  on  l'’igure's  4.  GO,  4.GI,  4,(12,  anel4.63.  Figures 
4.60  and  4.61  show  also  the,'  voltage-  whie'h  e-ause'd  bce'akilown  with  .OO^/jof  the-} 
applications  of  a  1/50  mici’ose'conrl  wave-.  Figure  4.61  slie)WS  time  to  flash- 
over  values  for  the  typical  multiple  unit  .susponsie)))  iiitjulalur  strings  use'd  on 
high  voltage  power  transmission  lines.  The;  peu-reirmeine'e'  elejcs  nejl  eliffe'r 
markedly  from  that  of  long  roel  gujus  (Figui-e'  4.60)  whe-n  the  5  inch  per  unit 
spacing  is  u.se}d  to  e  alculate  the-  length  of  the-  string.  Figures  4.62  and  4.63 
present  the  impulse  volt-time  eharucterisiie-s  for  pareillel  wire}  e-onductors 
(geometry  on  Figure  4.63),  the  polarity  indicated  (with  respect  to  ground)  be¬ 
ing  that  for  the  ecnduclor  furthest  from  ground.  In  this  very  nonuniform  field 
situation  (as  with  rod  gaps)  the  geometry,  i.c.,  diameter,  of  the  conductors 
is  not  important. 


I 


Table  4.7  Positive  and  negative  impulse  breakdown  voltages 
of  point-plane  gaps,  rod  gaps,  and  wire-plane  gaps  in  air  at 
20°  C,  760  mm  Hg,  and  absolute  humidity  11  gm/m^, 

1.  5/40  microsecond  impulse  wave.  Voltages  given  in  kV. 


Figure  4.  59  Positive  and  negative  impulse  voltage 
characteristic.s  of  rod-to-plane  gap. 


Kigurc  4.  60  Time-lag  curves  of  standard 
rod  gaps  (1/50  microsecond  wave) 
and  spacings  to  give  50%  breakdowns  vs.  voltage 


APPLIED  VOLTAGE 


J''iguru  4.  (31  'riinL‘-lag  curves  of  suspension  strings 
of  insulators,  10-ineh  diaraeter  by  5-inch  spacing. 
Without  arcing  rittiiigs  (1/50  microsecond  wave). 
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ME6AV0LTS  -  CREST 


GAP  -  SPACING  m 


r’igure  4,  (i;^  Iinpulyc  vull-lime  characteristics  of  pai’allel 
conduclur  -  ccjiuluclor  gaps  (at  760  mm  lig,  20*^  C,  tiot 
corrected  fur  huinidilv  conditions  (with  positive  impulse)). 


At  the  higher  pressures  Nonken  has  studied  the  breakdown  of 
rod  gaps  in  nitrogen.  Some  of  his  results  are  shown  on  T'igure  4.40.  It  can 
be  seen  that  at  the  lower  pressures  for  the  larger  gaps  (e.  ,  6  and  10  cm) 

the  impulse  strength  exceeds  the  60  Hz  strength,  whereas  in  an  intermediate 
pressure  range,  for  example  at  120  psi  the  reverse  is  true. 

(54) 

In  the  time  regime  below  one  microsecond  Martin  and  col¬ 
leagues  have  studied  the  breakdown  of  highly  nonuniform  gaps  (point  or  small 
sphere  to  plane)  during  the  development  of  precision  .switching  techniques. 
They  found,  that  for  positive  points  or  spheres  prediction  within  10%  is  given 
by  the  expression 


k  = 


j,, 1/6, 1/10 


(6) 


where  I'’  is  the  "average"  field  stre.nglli  (voltage  divided  by  gap  spacing) 

in  kV/ cm. 

1  is  the  elapsed  time  above  88%  of  the  maximum  voltage  in  micro¬ 
seconds. 

d  is  the  gap  in  cm. 

and  k  is  a  constant  givem  on  Table  4.8. 

Tabic  4.9  gives  tlie  constant  k  for  negative  points  or  spheres. 

The  above  expression  determines  the  field  to  give  breakdown  at  a 
specific  gap  after  a  given  elapsed  time,  primarily  on  a  rising  wavefront. 

(55) 

Crewson  has  discussed  the  streamer  development  considerations  used 
by  Martin  to  justify  c;xpre.ssion  (5).  He  pointed  out  that  in  the  case  of  a  fast 
rise  and  exponentially  falling  wave,  where  the  requirement  is  to  withstand 
stress,  the  time  (t)  which  should  be  used  in  expression  (5)  is  one  sixth  of  the 
decay  time  constant.  Crewson  develops  information  out  to  1000  microseconds 
to  show  safe  distances  for  an  exponentially  falling  wave.  However,  experi¬ 
mental  information  for  air  above  one  microsecond  (e.g.  ,  Figure  4.  59)  for 
large  gaps  shows  that  the  weak  dependence  of  breakdown  on  the  gap  length. 
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iiiiplik'it  in  expression  (5)  does  not  exist  in  these  ranges,  and  although  a  logar- 
iihniic  plot  can  indicate  at  relationship  at  a  fixed  gap  (e.g.  ,  from  Figure 
4.  5'J  or  4,  60),  n  is  not  a  constant  as  the  gap  is  varied.  For  example,  empir¬ 
ical  information  on  rod  gaps  (Figure  4.  60)  with  a  1/50  microsecond  wave 
gives  an  average  stress  of  6  kV/cm  at  200  cm  for  breakdown  on  50%  of  the 
trials.  The  Crewson  data  indicates  that  approximately  8  kV/cm  should  be 
withstood  (equivalent  time  approximately  12  microseconds).  In  general  the 
use  of  expression  (5)  should  be  confined  to  the  range  over  which  it  has  been 
tested- -and  for  which  it  was  developed.  The  empirical  information  available 
at  longer  pulse  durations  is  a  better  design  guide. 

4.4.  4  SFfi  (Uniform  Field) 

The  uniform  field  breakdown  of  SF  and  mixtures  with  nitrogen 

^  (56) 

under  impulse  conditions  has  been  studied  by  Muli;ahy.  His  data  taken 
with  1/50  waveform  shows  (Figure  4.64  and  Table  4.  10)  the  linear  variation 
of  breakdown  voltage  in  SF^  up  to  three  atmospheres  for  gaps  in  the  range 
0.5-2.  5  cm.  The  c.’ffect  of  dilution  with  nitrogen  and  of  the  presence  of  an  in¬ 
sulator  (porcelain)  across  the  gap  is  also  shown.  This  is  in  good  agreement 
with  the  near  uniform  field  sphere  gap  data  presentc'd  earlier  (Figure  4.42) 

where  the  comparison  with  power  frequency  performance  is  shown. 

(42) 

Kawagut.hi  and  colleagues  have  studied  the  impulse  (1.  1/40) 

breakdown  voltage  of  uniform  fields  at  gaps  up  to  6  cm,  and  pressures  to  4 
2 

kg/ cm  (approximately  4  atmospheres).  Plots  of  critical  breakdown  voltage 
against  pd  ai-e  linear-  up  to  1.7  MV  (Figure  4.46)  and  in  good  agreement  with 
an  extension  of  the  lower  voltage  data  of  Figures  4.64  and  4.  42.  They  con¬ 
cluded  from  experiments  with  Rogowski,  sphere/ sphere,  and  c;oaxial  geome¬ 
tries  that  breakdown  in  configurations  which  do  not  (ievelo[)  strongly  nonuni¬ 
form  field  conditions,  occurs  at  gradients  close  to  a  limiting  value  given  by 

2 

F/p  =  86.  1  kV/cm/kg/cm  .  This  is  particularly  so  for  [josilive  impulse,  both 
1/40  micro.second  and  standard  switching  impulse.  Negative  impulse  breakdown 
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Table  4.  10  dc  breakdown  voltage  (kV)  of  in 
unilbrm  field  gap. 


No  Kadiiim  Gap  (cm) 


0.5 

1,0 

1.5 

2.0 

2.5 

+ 

44 

88.3 

132.9 

174.6 

213.0 

- 

44.3 

88.3 

133.8 

176.1 

206.0 

85,2 

171,0. 

251.7 

- 

84.5 

170.6 

251,4 

+ 

132.0 

260.0 

- 

131.0 

I  258.0 

voltaj^i'  falls  bcr'low  the  positive  valut;,  partieulariy  above  I  kf^/cm  .  It  is 
worth  noting  that  stainless  steel,  (.'opper  and  aluminum  eleci  nodes  were  stud¬ 
ied,  and  over  the  jj-essure  rangi;  exaiiiined  the  metal  used  was  not  a  signifi¬ 
cant  factoi'. 

The  performanee  of  Sh^  in  uniform  field  geometries  at  pulse  dur¬ 
ations  less  than  one  microsec'ond  can  be  dete rmitunl  from  the  data  of  Figure 

4.58  which  was  experimentally  determined  at  voltages  less  than  25  kV. 

(57) 

Mulcahy  and  Inis  colleagues  have-  examined  the  breakdown  of  uniform  field 
gaps  in  SFg  mixtures  when  subji'eted  to  a  rising  wave  front.  The  mixture 
used  was  10%  SF^,  40%  N^,  and  50%  Ai-gon  at  150  p.sig.  The  Argon  was  pre¬ 
sent  to  imiH’ovG  the  discharge  .switc-hing  of  the  mixture  in  a  [)artu'ular  pulsi' 
power  application.  Figure  4.(!5  .sliow.s  the  rcusults  ontained  (dc  breakdown 

level  1535  kV).  Assuntin.g  tin  effective  time  givi.m  l)y  the  voltage  tiui’ation 

(58) 

above  63%  of  the  breakdown  value,  (after  Waj-tin,  )  the  authors  showed 
that  tlieir  data  when  eeploH'-d  fitted  well  with  an  extension  of  Figure  4.58  to 
higher  values  of  p-r,  for  example  lo  10  ^  lorr  hc'coikI. 

.“^uifu  ■  h(  atl'luuride  is  used  to  inhibit  llu'  b reak(.lown  of  high  power 
waveguide-' s ,  lOxamj'. les  of  diis  nee  given  in  eefen’enee  (  553)  fee  be)fh  Cjutisi  uni- 
foi-m  field  and  nonuni I'oi  in  field  (  omlitions  wiihin  guide's  feji'  petlsed  iniei’e'iwave 
frequeney  (2  mie'reisen-onel  ehieeilion  e)f  typieeilly  2.82  Cdlz). 

Opei'uling  te'inpei-m  ure-  e;m  have  ;i  signifioant  edfei-t  on  the  pei'- 
formance  of  gases  anel  SF^  is  eertalnlv  no  e  .;ee‘))fie)ii.  A])ai’1  from  chetnical 
stability,  which  will  be'  discussed  later,  the  elect rieeil  stremgth  of  sulfur  hex¬ 
afluoride  falls  quite  l■elpiilly  as  1  e-mpe  r-at  u  e-e  is  I'aisee!  eibove  the-  ne)rmal  am. - 


bient.  This  is  sliown  in  Figure  -1 .  fi(i  whei't.'  the  impidse  .strength  is  compared 

(2'j) 

over  the;  range  to  U)0o  C  with  tiu'  unveirving  sirer.gth  of  eiir. 


4.  4.  5 


3Fc  (lNl(munife>rni  Field) 


The  influence  ejf  fielel  uniforniity  on  fhe:'  strength  of  SF  has  been 
(2*^) 

disc.-ussed  by  wlark  '  using  the  data  on  im|ni].se;  strength  at  one  atmosphere 
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PEAK  VOLTAGE  (kV) 


(.)n  l-'igure  4.67.  The  electric  iielcl  increases  in  nonuniformity  as  the 
gap  is  inrrc.'ased,  and  a  repiot  of  tlv  rjjiin  on  Figure  4.67  showing  maximum 
electric  field  versus  gap  is  shown  on  l-'igure  4.68.  It  can  be  seen  that  at  the 
larger  gaps  the  dielectric  strength  lends  tci  a  limiting  value  of  40  volts  per 
mil  (approximately  1.6  MV/m). 

(42) 

As  noted  earlier  Kawaguchi  el  al.  have  studied  the  impulse 
breakdown  of  SF^  at  up  to  four  atmosphere's  in  uniform  and  mode.stly  non- 
uniform  field  conditions.  Their  uniform  field  performance  at  atmospheric- 
pressure  i.s  in  reasonable  .agreemcnl  with  lhal  of  Figure  4.67.  Data  from 
tests  at  pressures  up  to  about  4  atmosplK.'res  with  roaxitil  cylindni’s  at  volt¬ 
ages  up  to  1.2  MV  is  sliowii  on  l''igure  4.69.  Standard  deviations  are  less 
than  5%,  for  tlie  switching  impulsi!  case  whicli  is  8%.  It  can  be  scon 

lhal  Ihe  positive  iinpulst'  (I.  1/40)  hrc'akdown  gradients  increase  alrnosi  lin¬ 
early  with  ))r(,'S.sure,  wliile  the  negulive  impulse  gradient  has  a  marked  rcduc- 

2 

tion  in  its  rale  (d'  inet-i’ase  with  jjressurc  at  about  1  kg/em  .  Tlie  positive 

switching  impulse'  bre^akdown  gradient  iiu-rea.sc.s  wit  It  pressure  in  a  siitiilar 

2 

fashion  to  the  1.  1/40  wave  gi-adient  up  to  ahoul  2  kg/em  tuid  i  lien  the  I'ate  of 

increase  with  in-essur'e  decreases.  The  .slope*  of  the  negative  swil clii iig  impulse 

;  2 

curve.'  has  a  similar  e.-hange,  beet  at  only  1  kg/em  emel  apiiroaclu'S  the  peiwer 
f  recjiH  ■  1 1  ey  porl'orniance-.  There  appears  to  be.'  ;in  eerem  el'leat,  since  the'  break¬ 
down  gradient  is  highe.'St  with  the  smalle.-r  diamcle-r  e-y linele' rs . 

Kle.'we;  unel  To-/,(; have  sluelied  tlu'  high  pre'ssure'  impulse 

breakeleiwn  eif  SF„  in  strongly  nonuniform  fields  using  a  point  to  plane'  geum- 
6 

etry.  Deith  "standard  "  (2/50)  anel  swile-liing  (200/8000)  imjeulse  "oitages  were 

used.  The  .60"/o  bre'eikdejwn  veilue-s  whicli  they  e-'ii;iincd  it  eliffcre'ni  [iressures 

2 

are  shown  on  I'igure  4.70  (i  atmosphere-  equals  0.098  MN/  m  ).  The  authors 

discus.sed  the,'  results  obleiincd  with  a  positive  ])oinl  in  leTiiis  of  e.-epansion  of 

f:orona  around  the  peiint  to  a  characteristic  radius.  If,  at  that  radius,  a  , 

the  first  'I'own.soncl  e  oefficient,  is  greater  than  7y  ,  the  attachment  coefficient, 

(54) 

bre.-akdown  occurs.  As  discussed  earlier,  Martin  has  studied  the  pulse 
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'igure  4.  (37  Thu  diuleulric  stfenglh-gup  (iisl.ain-e  rclalioti  Cor 
sulfur  hexafiuorido  gas  as  a  I'uaulioti  of  the  olecirode 
configuraliou  niuasurod  at  atniosplK^rio  pressure, 

Test  tcnnporulure  -  2SO  C, 

Voltage  wave  form  -  1-1/2  x  40  microsec'onds. 

Polarity  -  posiCivt'. 


CriVicol  BreaVdown  Grodient  (EOcrn.fkVAm) 


0  ,2  ,4  .6  ,8  1.0  1.2  1.4  .2  .4  .6  .8  1.0  1.?  1.4 

8(e55ui«  ill  MN/m^  Pieisure  in  MN/m- 


Figure  4.70  50%  bt'cakdown  voltage  for  point  to  pJani*  geometry 

a,s  a  function  of  pressure.  The  er-rors  .shown  are  90% 
oonficionce?  liinit.s.  <1  MN/m^  =  P.SI  x  6,89  x  10'^) 


breakdown  of  point  to  plane  gaps  in  several  gases,  including  SF^,  in  the  time 
regime  below  one  microsecond.  The  constant  relating  time  to  breakdown  and 
average  field  for  Sp'^  is  given  in  Tables  4. 8  and  4.9. 

4.  5  F'reons  (dc/ac  and  Uniform  Field) 

4.5.1  Freon- 116  and  C-318 

Apart  from  sulfur  hexafluoride  the  major  special  dielectric  gases 

are  the  freons  hexafluorocthanc  (C  F_)  and  octafluorocyclobutane  (C  F  ). 

2  b  4  Q 

They  have  been  labelled  Freon- 116  and  Freon  C-318  respectively  by  DuPont, 
and  fortunately  are  usually  discussed  using  this  nomenclature.  These  com¬ 
pounds  have  been  known  for  about  three  decades,  and  were  first  used  com¬ 
mercially  as  insulants  in  the  early  1960s.  They  have  a  significant  advantage 
over  SF  for  high  temperatui’c  applications,  since  they  art'  stable  chemically 
to  at  least  300°  C'  ^  and  con.scquently  are  used  in  equipment,  such  as  trans¬ 
formers,  which  operate  at  high  overall  temptn-alure  or  with  hot  spots.  The 
commonly  used  refrigerant  gas  Freon- 12  has  also  been  used  quite  extensively 
as  a  dielectric  where  lack  of  clicmical  stability,  either  at  higher  temperature 
or  under  electrical  di.scharge  eonditions,  is  not  a  limitation.  Its  dielectric 
properties  are  discussed  after  llic  following  trealmcnl  of  h'-llG  and  F-C318. 

The  boiling  poinl.s  of  these  .special  dielectric  gases  are  F-116 
(-78°  C)  and  F-C318  (-6°  C)  and  as  a  consequence  in  low  temperature  situa¬ 
tions,  there  would  be  difficulties  With  the*  latter,  which  has  the  better  dielec¬ 
tric  strength.  Howewer,  mixtui'cs  of  these  tw<j  can  be  used  to  give  adequate 
performance  in  such  situations.'  Freon- 116  can  be  compressc’d  at  room 
temperature  to  higher  pressures  than  SF^  (500  psia  cf  330  psia)  although  no 
dielectric  studies  appear  to  have  been  made  at  these  higher  pressures.  In 
general,  at  atmospheric  pressure  under  uniform  field  conditions  F-116  has 

a  dic*leelric  strength  somewhat  less  than  SF  although  it  has  been  suggested' 

^  ( 62 ) 

that  under  nonuniform  field  conditions  the  reverse  is  true. 


Before  proceeding  to  a  more  detailed  discussion  of  the  dielectric 
properties  of  the  above  two  gases  it  is  worth  noting  the  boiling  point  and  high 
electrical  breakdown  strength  of  some  of  the  other  Freons,  which  are  liquid 
at  room  temperature  but  may  be  used  in  equipment  at  higher  temperatures. 
This  information  is  given  on  Table  4.  11  (0.  1  inch  gap  sphere  to  plane). 

Many  Freon  gases  have  been  examined  as  potential  dielectrics  and 
much  of  the  data  is  on  types  which  are  not  available  in  commercially  useful 
quantities.  It  seems  reasonable  to  assume  that  those  now  obtainable,  in  par¬ 
ticular  F-llG  and  F-C318,  represent  the  optimum  selection  from  a  perform¬ 
ance  and  economic  point  of  view.  However,  the  many  varieties  which  have 
been  examined,  and  their  I'ldalively  short  lechnic:al  history,  leads  to  a  poorer 

definition  of  tlieir  overall  performance  tlian  is  possibk.-  with  SF  .  This  is 

u 

particularly  true  for  some  geometries  and  for  higher  frequency  applications. 
The  hazards  implicit  in  ext  I'upolating  from  the  performance  of  one  electro¬ 
negative  gas  to  that  of  another  is  well  illustrated  on  Figure, s  4.71  through 

As  with  otiicr  ga.ses,  the  strength  of  uniform  field  gaps  under 

power  frequency  and  direct  vtdtago  conditions  is  basically  the  same.  Figure 

4.74  shows  the  uniform  field  |)erformance  of  F-lKi  (C„]'’  )  and  F-C3L8  (C 

SB  4 

Fg)  under  power  frequency  conditions  at  pressures  up  to  three  atmospheres 
absolute.  Jfxperimcnt.s  on  i'-l  16  with  N^O  added,  have  been  made  to  much 
higher  pressures  and  voltages,  using  a  short  coaxial  transmission  line  with 
the  resuHs  shown  in  f  igure  4.75.  .  The  small  percentage  of  nitrous  oxide  was 
added  to  the  F-116  to  inhibit  the?  formalujn  of  deposits  under  dischai’ge  condi¬ 
tions.  Until  i’ecently  it  was  believed  lliui  eh’etrical  discharges  in  Freon  gases 
would  lead  to  greater  contamination  problems  llian  in  SF  because  of  the  rar- 

o  (63) 

bon  produced.  This  is  not  netmssarily  so,  oven  with  uninhibited  Freons,' 

A  90/10  mixture  of  F-116  with  N  O  is  now  available  commercially.  At  the 
lower  pressures  the  strength  of  F-116  and  F-116/N  O  (90/10)  is  essentially 
the  same,  at  least  for  small  gaps  (Figure  4.76),  and  at  higher  pressures  in 
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Table  4.  11  Strength  of  Freon  vapors  at  their  boiling 
point  (atmospheric  pressures). 


Freon 

El 

E2 

E3 

C-51-12 

TF 

Boiling  Point  °C 

40.  8 

104.  4 

152.  3 

45 

47 

Breakdown  voltage’^ 
kV  (rms) 

22 

27 

35 

32 

28 

'"cf  -  7  kV,  SF.  -  17  kV 

2  b 


Figure  4,  71  Coiupuriiig  the  impulse  dielectric  strength 
of  riuorinated  hydrocarbon  gases. 

Flcetrodes  -  tungsten  rod  to  sphere. 

Test  gap  -  1  inch. 

Wave  form  -  1-1/2  x  40  microseconds. 

Polarity  -  positive. 
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PRESSURE  -  PSIG 


l’]f{ur'c-  4.  72  The  fiic)f;clric  slrcnj'’ li  (jf  Ihi;  rjiioriiiateci 
liydrocurbon  yu.se.s  a.s  affected  by  prttSGurej  insii;d  under 
nonunifoi'm  field  condjlians, 

I'Uectrodes  -  1/4  inch  sciuan.-  rodti, 

^  lap  dislance  -  1  iacii. 
v'oltayo  -  fiO  cyc  les. 


J'’ifcurc  4.  7  3  The  effect  of  gas  pressure  on  the  breakdown 
(jf  dichlorcjclifluoromothanc;  (Freon  12). 

Electrodes  -  1/2  inch  square  rods. 

'lest  gap  -  G  cm  (2.  362  inch). 

'I'est  voltage  -  .standard  impulse  (1.5/40)  and  60  H?,. 


70 


J'lgure  4.  74  Bruakdown  voltages  versus  pressure. 
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Figure  4.  75  Conipariaon  of  broukdewii  voltage  as  a  luuction 
0.1'  pressure  i'or  I'Ycon  im/N^O  (yo/lO  l)y  wl)  and 
in  a  section  <■>1  <'oaxi;d  gas-filled  Iranstnissinn  line,  Inner  conductor 
diametcu’  -  3  incdu.'S,  out(;r  oonduetor  dianieler  -  3  inc!if?s.  The 
effective  line  length  was  30  inches  and  the  oledrode  gap  was  1  ,  5  inches. 


0  25  50 

PRESSURE,  PSIA 


Figure  4.  76  Kreakdown  voltages  measured  in  a  Seavy  cell,  A.STM 
D-2477-66T.  'I’he  electrode  gap  was  0.  1  inch,  steel  sphere  (0.  75  inch 
diameter)  to  brass  plane  (1.  5incli  diameter).  In  this  test  pure 
Freon  116  and  a  mixture  of  Freon  116  and  nitrous  oxide 
(90/10  by  wt)  gave  equivalent  resuHs. 
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r  ai'i'a  systems  the  presence  of  the  N  O  degrades  the  performance  of 

iL 

F- 1  18  less  tlian  20%  (Figure  4 . 77). 

i'-’xamples  of  the  performance  of  these  gases  under  nonunifoi  m 

C  6  1 } 

field  conditions  are  given  in  Figures  4.78  through  4.82.  i’igures  4.78 

and  4.70  arc  for  square  rod  to  plane  gaps,  4,80  and  4.81  for  cylindrical  rod 
electrode  and  Figure  4.82,  sliowing  only  corona  incf'ption,  is  for  a  needle 
1 

point  to  plane. 


4.5.2  Freon  12 


Because  of  its  ready  availability  and  cheapness,  the  dielectric 
proper-lies  of  Freon  12  have  been  sluilJed  qrrile  extensively.  It  is  one  of  the 
two  most  commonly  used  ri'frigerant  ga.ses,  and  has  a  strength  relative  to  air 
usually  quoted  at  2.42.  The  other  common  refrigerant  F-22  has  a  relative 
dielectric  strength  of  1 . 4  nnd  is  ies.s  usefuJ  a.s  a  dielecti'ir- .  The  main  limit¬ 
ations  of  Freon  12  are  that  it  is  cliemically  unstable  when  in  contact  with  com¬ 
monly  used  electrical  materials  at  a  rndatively  low  tempc'rature  (250*^  F)  and 
disintegrates  badly  under  arcing  r-ondil ions.  Nevertheless,  it  is  interesting 
as  a  cheap  material  for  insulation  at  room  lempi'raUire,  or  for  laboratory 
test  purposes,  sucli  as  in  a  dielecl ric  iminei-Kion  tjath  for  quick  tests,  or  for 
spraying  around  an  in.sulating  structure  in  air  to  improve  temporarily  its 
flashover  properties. 

Figure  4.83  shows  a  Taschen  cui've  for  Freon  12  obtained  by 

(24) 

Howard  over  the  pressurt;  range  0  to  60  psig.  Figures  4.84  and 
.showing  the  ae  and  stanctard  impulse  strength  for  almost  uniform  field  con¬ 


ditions  at  ])rcssures  uj)  to  30  psig,  indicates  that  the  impulse  strenglti  whicu 

varies  linearly  with  the  pressure  is  significantly  higher  than  the  60  Mz 

,  (64)  ^  oe(24,  65)  .  p  ,, 

strength.  rigure  4.8b  shows  furtlier  power  frequency  and  im¬ 


pulse  data  obtained  under  near  uniform  field  conditions  at  higher  pressures 
and  voltages.  Freon  12  has  also  been  used  mixt!d  with  nitrogen,  for  opera¬ 
tion  well  beyond  the  pressure  whore  the  pure  gas  liquifies  at  room  temperature 


Breakdown 
Breakdown 
Corona  Inception 


J‘'igurG  4.  79  Corona  inception  and  breakdown  voltages 
versus  pressure.  Gap  spacing  1.  0  inch. 


Gauye  Pressure,  psi 


Figure  4.  84  GO  cycle  dielectric  strength  of  Freon  12, 
tested  between  two  1  inch  diameter  spheres  spaced  1/4  inch. 


Figure  4.  85  Impulse  dielectric  strength  of  Freon  12, 
tested  between  two  1  inch  diameter  spheres  spaced  l/4  inch 


(ti2  psia).  Data  from  tests  on  mixtures,  again  under  near  uniform  field  con- 

C  6  6 ) 

ditions  are  shown  on  Figure  4.87.  The  authors  found  a  linear  relation 
ship  for  tlie  sparking  voltage  (V)  according  to 


V  =  (88  PS  -f  1.  9)  (1  1. 08  K) 


(6) 


where  V  is  in  kilovolts 

P  is  pressure  in  atmospheres 
S  is  spacing  in  inches 
F  is  fraction  of  Freon  by  volume 

This  expression  is  not  accurate  for  small  fractions  of  Freon,  e.g.  ,  less  than 
5%  or  pressures  above  about  7  atmospheres. 

With  regard  to  nonuniform  field  conditions,  it  is  difficult  to  pre¬ 
dict  the  performance  of  a  given  geometry  without  specifically  related  empiri- 

(24) 

cal  data.  Figure  4.  88  shows  data  obtained  by  Howard  for  various  coaxial 
arrangements.  It  can  be  seen  that  for  these  systems  where  the  field  is  non- 
uniform,  but  not  intensified  to  the  degree  obtained  with  other  geometries,  the 
strength  increased  with  pressure,  whether  the  voltage  is  power  frequency, 
direct  or  impulse,  This  is  not  necessarily  the  case  for  the  more  intensified 
field  geometries  as  shown  on  Figures  4.89  and  4.90.^^^^  The  futility  of  in¬ 
creasing  pressure  to  improve;  performance  with  thc'sc  geometries  is  fairly 
obvious.  It  is  also  interesting  to  compare  this  nonuniform  field  data  with 
that  for  uniform  fields  shown  on  Figures  4.84  and  4.85  where  in  contrast  the 
impulse  strength  is  higher  than  thn  power  frequency.  Figure  4.91  shows 

breakdown  strengths  obtained  for  half  inch  square  rod  gaps  uvei-  a  wider  pres- 
(39) 

sure  range.  To  conclude  for  Freon  12,  Figure  4.92  shows  the  power  fre¬ 
quency,  direct  and  impulse  voltage  performance,  of  a  point  to  plane  gap  at 
(24) 

various  spaemgs. 
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Figure  4.  37  Sparking  voltages  in  mixtures  of  Freon  12  and  nitrogen. 

Spherical  electrodes;  length  of  spark  gap:  0.  050  inch; 
pressure  in  atm.  as  noted  on  curves;  points  are  experi¬ 
mental;  lines  are  computed  from  V  =  (88  PS  +  1.  9)  x 
(1  +  1.  08  F)  kv.  (sec  text) 
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Gauge  Pressure,  psi 


Figure  4.99  60  cycle  dielectric  strength  of  Freon  12, 

tested  between  tungsten  rod  and  1  inch  diameter  sphere  spaced  1  inch. 
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Figure  4.90  Impulse  dielectric  strength  of  Freon  12. 
Fositive  tests  made  between  tungs  -n  rod  and  1  inch  diameter 
sphere  spaced  1  inch,  1.5/40  microseconds  wave  form. 
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Pressure,  psi  (abs,) 


"igure  4.  01  60  cyclo  and  impulse  breakdown  betwec'n 

l/2  inch  square  rod  gaps  in 

Curves  /\,  B,  &  C  =  60  cycle  breakdown. 

Cui'ves  D  &  B  -  60  cycle  c-orona  starling  voltage. 
Curves  k'j  G,  &  H  =  impulse  breakdown. 


Power  frequency,  positive  dc  and  impulse. 
Negative  dc  and  impulse. 


-l.f)  Flashover  of  Solid  Dielectrics  in  Gas 

Without  using  solid  dielectrics  in  the  gas  environment  for  support 
it  is  impossible  to  design  gas  insulated  liigh  voltage  equipment.  In  many  cases 
the  veil  age  limit  in  the  system  is  reached  w  In-n  these  solid  supports  break  down  elec 
1  ricaliy.  I’his  usually  occurs  acrn.s.s  the  surface  in  the  ambient,  which  is  generalty 
seif- healing.  The  teimi  "flashover'' is  used  in  this  discussion  only  to  denote  Ijreak- 
down  across  the  surface  of  solid  diclectri<-,  although  it  is  used  more  loosely 
elsewht.Te.  Ajiart  from  the  flashover  strength  ol  a  solid  dielectric,  its  aim 
resistance  and  tracking  properties  are  also  relevant  to  high  voltage  design. 

Arc  resistance  describes  the  ability  to  resist  |ihysical  or  chcnnical  deterioi'a- 
lion  because  of  electrical  ttcLion  such  as  ria.shovm-  or  arcing  along  surfaces. 
This  deterioration  usually  is  evidenced  by  failurt-  to  support  voltage,  eilhi.'r 
because  of  excessive  l(;akage  current  or  total  coJla|tKc  of  insulating  properties. 
Tracking  denotes  the  devcdopinent  of  a  conducting  path  (usually  cartion)  along 
the  surface  of  soli(J  insulation,  The  subji.-ct  of  <Jei  c  mo  rat  ion  is  dendt  witli  later 
in  tile  section  on  solid  dielc'cl  rics,  and  the  di scu.ssion  luo'c  is  imstricted  to 
flasliove  r  St  renglli . 

When  an  eleclricarJy  stressed  ga])  is  bi'idgeil  witlt  a  soJirl  rlielcc' 
trie  tlic  riasnover  strength  is  almost  invariablv  less  than  that  of  tlic  unliridged 
gap.  Commiinly,  the  flasliover  pc l•^ormanl•c  of  a  .'^oiid  ilioiec  iric  is  given  in 
terms  of  the;  ratio  of  bridged  to  unin-idged  ^ap  pcrfoi  mance,  and  tliis  ratio  is 
known  as  tin.'  spacer'  efficiency.  l•'re(|uentIy ,  test  .samples  take  the  form  of 
a  riglii  eylindci'  whicli  is  placed  in  a  unil'orin  fieJd  gap,  alLliough  tlic  growong 
interest  in  gas  Ir-ansni i.ssiun  Jiiies  lias  Ico  to  in.-uiy  tesus  on  coaxial  samples. 

Any  el'reci  whiefi  changes  the-  siii-faei'  resistivity  of  the  dielecirir- 

can  inriiienrc  the  llasliover  sti'ongUi  lyv  modifving  tlic  eier  trie  fieJd  aloig  the 

surface.  'I'liis  i.s  part ieuJ ariy  important  when  insulators  arc  used  in  an  atmos 

jjIu.'I  i  where  they  are  suliject  to  eontaminai  ton.  Fven  changes  in  liumidity  can 

(29) 

have  .1  significant  effect  (Figure  4.  U'l). 


The  most  critical  legion  in  the  design  of  solid  insulation  is  a1  the 
terminations  where  the  high  voltage  or  grounded  metal  parts  are  attached,  in 
particular  at  the  region  where  metal,  solid  dielcc-tric  and  the  ambient  (fluid) 
dielectric  meet.  The  term  "triple  point"  has  been  coined  to  describe  this 
region.  Where  the  solid  dielectric  butts  against  a  metal  surface  in  a  gas,  a 
small  gap  exists  between  the  insulator  and  the  metal  where  the  dielectric  con¬ 
stant  is  unity.  Figure  4.94  .show's  a  ri;prc.sentativc  situation.  It  can  easily  be 
shown  that  the  stress  in  the  small  gap  is  gi-eater  thaJi  thal  in  the  solid  by  a 

factor  e.  where  e  is  tlic  dielectric  conatant  of  the  solid.  Tliis  iritensifica- 

^  G  7 ) 

tion  can  cause  ionization  and  premature  flasliovcu’  of  the  solid  dielectric. 

Figure  4.  95  shcjws  the  imporltinct'  of  good  cohesion  l^etwc'en  solid  dielectric: 
and  metal.'' In  this  instance  the  di(Tec‘lric  hacJ  a  c'oaxial  configuration.  In 
another  approach  to  elimit\ating  fu'ld  int('nsifi('.ation  at  the  triph'  point,  a  con¬ 
ducting  film  (n.otal,  graidiiie)  is  applied  to  tiu'  solid  cJiclci  i  ric  wliere  it  "con- 
tacls"  the  mi;t;il  electrodes.  Figure  4.  9(i  iiiu.strates  ilic'  benefit  of  metallizing 

the  terminations  of  a  eylindrieal  sample,  (a  g'  oini-try  ihal  is  eoiiducive  to 

.(50) 

obtaining  flat  and  smooth  ends.  ) 

With  I'egat'd  to  tiu'  signifieane.'  ol  ilie  solid  oii'b  ct  rii  material  on 
the  fiashover  strength,  there  is  a  lendmicy  for  materiai;'  of  luwi.M'  dielcetrie 
coiiStant  to  perform  hel1i;r  than  those  ul'  higher  di'di'c' ri c  cmisfant,  particu¬ 
larly  for  ae  and  impulse  voltagi.-s,  us  mighi  be  expected  from  the  triple  point 
considerations  diseu.ssed  i.rc  viously .  Table  4.  12  .show.s  spiun'r  elficiencie.s 

(K9 

for  a  vai’if'ty  of  .-nalerials  in  dF  ,  under  de,  50  II.'  and  1  /  .50  impulse  voltage. 

‘  b 

In  these’  tesi:;  the  ;;;uii|)le.s  -.■.'ere  cylindrical  with  th."  end  surfaces  coaled  with 
a  metal  film.  Pnrnllel  expej-imenis  wliere  Ihc  dieiiHtric  sampli's  wei’c  given 
various  shapes,  such  as  cylinders  with  corrugations,  or  Irunealed  eoni'S, 

always  gave  lower  nashovei’  values  than  plain  sidetl  cylindi-rs  In'idging  the 

(f38,  70)  .  .  ,  ,  4  1 

sa  .r  gap.  Ofher  authors,  usin.g  eo;ucial  samples,  agi-ee  that  plane' 

dielectric  sidi-s  are  liest  in  a  eari'fully  controlled  dust-free  environment,  but 

this  is  often  impracticable,  and  then  corrugations,  or  other  departures  from 
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Uie  pUinc  siciocl  ry,  are  desii'able.  It  may  be  that  metalizing  the 

surtace  of  tlic  solid  dielectric  which  is  in  contact  with  the  terminating  elec¬ 
trodes  is  necessary  to  obtain  the  better  performance  reported  with  plain  sidofl 
over  corrugated  samples.  Corrugations  are  also  preferable  where  flashovers 
are  likely  to  occur,  since  they  help  to  prevent  permanent  degradation  of 
strength.  Figure  4.97  shows  data  obtained  for  one  "corrugation"  under  both 
power  frequency  and  impulse  conditions.  ^ ^ 

Perhaps  the  most  useful  technique  I'or  optimizing  dielectric  flash- 
over  is  tliat  of  using  shielding  electrode,  as  discussed  by  Itaka  and  Ikeda.^^^^ 
Cine  method  for  internal  shielding  the  triple  point  which  is  discussed  in  detail 
by  those  authors  is  shown  in  Figure  4.98.  The  benefils  obtained  by  using  this 
technique  can  be  seen  on  Figure  4.99. 

As  miglit  be  expected,  the  flashover  voltage  of  a  solid  dielectric 
in  gas  depends  on  the  properties  of  the  gas.  In  gmieral  the'  better  the  per¬ 
formance  of  the  gas  in  the  unbridged  gap,  the  bi'lter  it  is  when  an  insulator 
is  present.  This  is  demon.strated  on  Figure  4.64,  whicli  shows  the  perform¬ 
ance  of  a  uniform  field  gap  at  several  pressure's  and  vai'ying  frac'tions  of  sul¬ 
fur  hexafluoride  and  nitrogen.  The  data  comparc's  ga))  performance  witli, 
and  without,  u  cylindrical  poreolain  insulator  present. 

The  signifiiiancc  ol  the  lemjjora]  for'm  of  the  applied  voltage 
spacer  efficiency  cannot  be  explicitly  dc.-fined  (see  Table'  4.  12,  for  exampl(’). 
Initial  field  distributions  in  the  dc  case  are  influenced  by  the  dielectric  con¬ 
stant  of  the  material,  l>y  conductivity,  and  possibly,  by  charging  of  tlic  sur¬ 
face  due  to  ionization  effects.  In  gener-al,  with  appropriate  field  dc.'sign  as 
described  above  U>  remove  high  .stresse's  from  the  terminations,  and  a  suit¬ 
able  choice  of  material,  it  is  possible  to  aclilcve  spacer  efficiencies  in  ex¬ 
cess  of  80%. 
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SPACER  EFFICIE 


I 


Creeping  discharge  Value 
Gas  discharge  Value 


0  0.5 

FOLD  HEIGHT  /  INSULATING  DISTANCE 


I'ifTure  4.97  lOCrcrl  of  croa.se  len^h  pxlension  on 
c-oaxial  linn  .sparer  rhai'acterislics. 


- 1  fifi- 


Coaxial  Line 


Conducting 

Surface 


Government  Supported  Design  Studies  (Ga^  Dicieculc) 


•4.  7 

The  pursuit  of  weapon  simulation  systems  in  recent  years  has  re¬ 
quired  many  design  studies  involving  dielectrics  to  support  pulse  power  tech¬ 
nology.  Several  of  tliese  studies  relate  to  gas  dielectrics,  and  are  treated  in 
this  section.  They  are  segregated  because  they  answered  special  government 
needs  in  the  past,  and  may  be  equally  relevant  in  the  future,  and  if  integrated 
into  the  general  text  their  particular  significance  to  DOD  might  be  lost.  Fur¬ 
ther,  in  some  cases  the  special  objective  of  the  studies  would  be  inconsistent 
with  the  more  general  treatment  in  the  rest  of  the  text. 

In  the  following,  only  sufficient  outline  is  given  of  the  relevant 
material  to  direct  the  reader  to  a  particular  reference.  Most  of  the  studies 
were  on  pulsed  flashover  and  breakdown,  and  related  to  emp  simulation  activ¬ 
ities.  The  first  study  treated  is  an  exception  to  this  because  the  material  has 
been  roughly  arranged  in  order,  starting  from  the  dc  case  then  proceeding  to 
the  shortest  pulse  length.  Gas  breakdown  .studies  which  are  directed  towards 
improvements  in  the  switching  art,  are  not  included  in  this  material,  but  will 
be  covered  later  in  a  corresponding  section  when  switching  is  discussed. 

Table  4.  13  summarizes  the  following  discussions. 

Fxperiments  have  i^een  conducted  to  determine  the  ojitimum  high 
pressure  gas  mixtun.'S  (SF  N  CO  )  for  tht;  dc  insulation  of  large  coaxial 

0  ^  w 

line  flash  X-ray  machines  (26).  In  one  case  a  l'’X-45  flash  X-ray  machine 
was  used,  having  a  coaxial  line  of  outer  diameter  7  5  inches,  inner  diameter 
29  inches,  and  length  about  120  inches.  The  equipment  has  a  maximum  volt¬ 
age  capability  of  6.5  MV.  Fig^^^e  4.  100  shows  the  performanei'  after  condi¬ 
tioning  for  .several  gas  mixtures  as  a  function  of  pressure  (line  negative). 
I'.’xpeiiments  wcu-e  also  made  in  a  smaller  coaxial  line  mac;hLne  (l'''X-25)  with 

5%  Sh'  addc’d  to  a  50/50  N  /CO  mixture  at  a  total  pressure  of  300  psi.  Fer- 
6  2  2 

formance  compared  with  the  FX-45  for  the'  sami;  mixture  was; 
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Figurx"  4.  100  Effect  on  breakdown  voltage  of  adding 
N  to  fixed  pressure  of  SF 


M>;v  iiilli- 


Volia^c'  (MV) 

3.  f) 

6.4 


P'iol Cl  (MV  / 

I'J.  !J 

18.0 


Llc.-c'i  I'ocit-'  .-'u-ea  (hq.  ini.;lic.^) 

8.  200 
13,000 


Hc'l'erencc  72,  although  conlaiiiing  ncj  ofiginal  data,  c'ontains  a 

L;i)od  I'cc'icw  of  gas,  liquid  and  solid  dicl'-c-i  i-ic.s  in  .su[)port  of  thu  design  of  a 

low  ill! pi'flance  c'mi)  .simulaio)'  at  the  2  MV  level.  The  section  on  gas  dicTec- 

li’ics  is  particularly  eomprt'hcuisiv'.'  and  Bunimarizos  the  impulse'  inve.stiga- 

( I  3) 

tions  of  MoNc.'al  and  Skipper.  This  reference!  also  discussed  the!  impor't- 

anee  of  good  design  to  obtain  o])tirnum  solid  dielectric  flashover  pc'rformani.  c, 
cited  some!  examples,  and  ctmphasizod  the;  importance  of  good  cohetsion  at  the 
jtinction  of  solid  dielectric  and  mcital  electrodes.  Table  4.  14  (a)  shows  max¬ 
imum  cic  stresses  obtained  in  Ion  1  hysics  Corporation's  gas  insulated  coaxial 
line  flash  X-ray  macliincs  tcjgother  with  the  area  of  the  more  highly  stressed 
conductor.  Table  4.  14  (lu)  gives  operational  slresse's  in  two  mcgavolt 
elect  romugtiettic  pulse  (cnip)  sy.stt'ms  devcilopeni  by  the  same  eompany.  Both 
emp  .systems  generate  fast  ri.sing  ( 10  ns)  and  exponentially  falling  wave 
forms,  the  entt)-10  system  having  a  100  ns  ('-folding  time  and  the'  emp-28  a 
130  ns  e-folding  time.  Both  systems  are  similar  in  coiieept,  the  di'sign  de¬ 
tails  being  givetn  in  "Bc'pori  eui  the  Dt'velopmenl  of  h'ivt'  IlMl  Crnerators, 
AFWL-TH-7()- 0,  Air  t'orct!  Weapons  1  .abe;ratory,  duly  ISITO,  In  Table  4.  14  (b) 
(!olumn  A  is  the  pulsed  .sircs.s  in  ;■  coaxial  oil  1  ransini s.sion  litie,  which  in  tlu! 
case  of  the;  i'mp-28  system  i.s  12  inches  ejd,  1.2,')  inclie.s  id  and  about  20  feet 
long.  ColuiniiH  B  and  C  reb'r  1o  a  lucite  she.'t't  inlei'face'  (oil/SF  at  1  almo.s- 
plicrc)  with  a  spneing  of  20  tnclii'S  fur  cnii)-10  and  4.''.  inclie.s  for  cni|)-2}i. 
('i)luniMS  rCmd  I','  refer  lu  thu-  out|int  inirrfacc  of  the  .sy .slants,  again  a  Incite 
slii-ct,  with  sp.'i ci iig.s  of  4  5  inches  for  I'mp-lO  and  96  inches  for  eni|)-28. 

Ill  support  of  their  .SIBClI'l  II  devtilopme'iil ,  1  hysics  Inti' mat ional 
has  studied  the  |)ulscel  insulation  strength  of  Incite  inti'rfaees  in  r)0/.50  air/ 

I-  ri'on  12  at  oni!  at  niosp'liere  with  the  e-onelusion  that  their  inliirfaee  elesign 


:-:t|-i'S.'-  o'  .33  kV/ein  was  .safe. 


(73) 


Till!  test  geometry  was  a  peisitivc'  11.4  cm 
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Table  4.14  (a)  Maximum  dc  Stresses  in  FX  Machines- -C'^axial  Line  Geometry 
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.!i  i:  11  It.'i  .'Otl  spai.:ecl  !i.9  cm  from  llic  j^rouiid  plane  w'hirh  }4aw  a  fi:.'li.l  enhance 
incnl  ol'  1.53  at  the  rod.  'rhe  le.si  voliatjc  ii.sed  had  a  fast  ri.sciimc,  anti  a  140 
nd  c  ro.sccond  cli'cay,  'I’hc  rninimnrn  volf.a^'i-  ;u  which  hrmikdown  occain  cd  was 
27()  kV,  corre.siiondin.f^  lo  ainaNiniuni  .stress  .d  the  rod  of  42.7  kV/cm.  Mea- 
siii'emeiils  ol'  the  dc  strenglli  of  .50/5(1  l■'rl■on  l2/;iir  ai  vaidons  |)i'e.s.sure,s  up 
to  on'.'  al  in  osphc' ri'  are  also  given. 

In  a  DASA  su|iport(Ml  progi  ani  to  deveJo|)  low  inipedanee  elect ’'on 
neani  .simulators  Ion  1  hysie.s  (’orporalion  has  e.'vainined  the  poi.eniial  of  de 

chai'ged  solid  dielei.'trie  lines  for  Mie  storage  of  etiei'gy  with  ve  r'y  low  oiitpul 

(74) 

iiiduetatice.  I'o  do  Ihi.s  it  was  neeessarv  not  only  lo  .study  the  .sirengih  of 

intei'eslmg  solid  di'drclrics  hut  al.so  to  esamine  flashover  stri-ngllis  in  high 
pressure  gas.  I'dashover  .studies  were'  cotuliieied  on  epo.xy  cylinders  in  ^ 
tni.xtiires  usitig  a  1/5(1  in  ic  roseeond  ;.-e.;.''ilse  generator.  The  sainpi  ‘S  were 
1  iiull  diatni'ler  t'yliiulers  of  .sevi'ral  types  o|'  epo.-yy  with  lettg'lll.S  hetweell  (1,5 
and  il  iiielies.  l''or  ey  linders  of  leiiglh  2  inelies  and  helmv,  t'l.isliover  tes's 
were  earried  on',  hetweeii  (t  itielt  diatneter  siainle.ss  steel  eleelrodes  in  .i  pres 
sufi/ed  gas  nii\ture  of  lO'di  Sf  40",',,  N,,  aii'l  5l)''I.  Ar,  l''or  evlimlers  of  letigth 
!!  itiehe.s  atid  .alioye,  I'l.ishover  tests  weri'  e.irrieil  out  in  I  .  it  i  iiosplr '  re  of  .'sf 

() 

hetweeit  larr;e  pltitte  e  lee|  rod'cs  of  I  fi  itn'he.s  diameter.  Table  1.  1.5  suniinar- 
i'/es  the  d.ii.i  oil  the  smaller  samples  for  liolli  inasimiim  nid  mean  fl.i.shover 
strength,  T'igiire  4.  Id  I  show.s  fl.i.shoy'er  volt.age  ymrsus  s.imple  length  for  ein' 
of  the  111  at  e  I'i  a  I  s .  I\le.m  flashover  field  sirengilis  up  to  (ii'i)  k\'/ineh  ii’’  oh 
tainalde  in  3()d  psig;  1(1  dh'  /.]()  N  /5i)  .Ar  mi.xiures  foi'  sm.dl  ungraded  leagiTi.s 
T'lashover  lest.--,  were  also  m.uie  on  flat  plasi  ie  and  'po.xy  sani’ples  iisim:  iln' 
sami’  1  /  5(1  w'.'U'i.' fo  rm  .  The  sh.ipe  of  tin-  .s.-ur.ples  and  the  dai.i  obtained  t  .s 
shown  (in  'T.ilde  4.  I(l.  <  hie  method  whieh  ease.s  the  prolilem  ol'  f.ilirii'al  i;ig  a 
long  eoaxial  line  of  solid  dieieelrie,  is  l(i  make  several  shiu't  lengths  ol  coax¬ 
ial  section  .and  butt  them  togelhi'r.  Ilowi’ver,  this  produces  narrow  radial 
ihU' rfa(  (’S  between  tile  pieces  whei'e  they'  eontaid  whieh  tend  to  f  la.stuiya' r . 
Interfaci'  fla.stT0ver  tests  were  madi’  lo  deterinitu'  the  feasibility  of  this 
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I' 1  ;i  sho'/':  r  'l.'jt.'j  ('fj'"-  m  at  o  r  i  ^.1  s . 


Sample 

Length 

Pressure 

(psig) 

Average  Vb^ 
(kV) 

Maximum  Vgn 
(kV) 

Per  mail 

l/2-inch 

150 

220 

230 

Per  mail 

i/2-inch 

150 

248 

259 

Per  mail 

1  /2-inch 

150 

235 

235 

Per  mail 

1/2- inch 

150 

237 

248 

Per  mail 

1-inch 

150 

400 

428 

Per  mail 

l~inch 

150 

331 

359 

Per  mail 

1-inch 

150 

372 

414 

Per  mail 

(Sand- Blasted) 

1-inch 

150 

403 

>469 

Per  mail 

2- inches 

25 

436 

>469 

Slycast 

1/2- inch 

150 

103 

no 

Stycasl 

1 /2- inch 

150 

no 

124 

Stycast 

1/2- inch 

150 

120 

124 

Stycast 

1/2-inch 

150 

115 

132 

Stycast 

l-inch 

25 

152 

166 

Stycast 

1-inch 

25 

155 

166 

Stycast 

1-inch 

150 

257 

290 

Stycast 

1-inch 

150 

340 

359 

Stycast 

(Sand-Blasted) 

1-inch 

150 

345 

345 

Stycast 

2- inches 

25 

363 

414 

Stycast 

2-inches 

25 

375 

414 

Stycast 

2- inches 

25 

314 

345 

Stycast 

2- inches 

25 

362 

414 

EC-1339 

1/2-inch 

150 

124 

124 

EC-1G39 

1-inch 

150 

309 

331 

E-170 

3/4-inch 

150 

186 

207 

E-170 

1-inch 

150 

317 

345 

System's  Resource 

2-inches 

25 

373 

373 

All  tests  carried  out  in  a  gas  mixture  of  10%  SF^,  .40% 

and  50%  Ar . 
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Fimii’c  4.  101  Siirl'^i  ri .isliovc r  ( lal a  fcir  l  iTinali  niaU'i'ial. 


fi- 


fj.  oafh  a  0,002  inch  int  ur:  ac;>  ■  gaf)  and  a  radial  flasho^er  disiancc  of 

2  inclu'H,  The  ambient  ga.s  was  1')';',,  .Sl'Y,  00%  at  2H5  p.sig  and  flashovcr 
^’oJiagcs  (.’.rcatcr  than  403  kV  wi.i'f  acliii-vi-d .  It  was  cajncliKicd  that  interface 
ilashover  .strenglh.s  in  excess  of  230  kV/ini-h  (de)  c;an  be  achieved  with  careful 
t'ii;ld  dcssign. 

Inipulst'  fla.sliover  and  breakdewn  .siiidh^s  in  SL.pporl  of  emp  d''- 

vtdopmeiii  are  I’uported  in  rt; fere- nee  (73).  'I’ln;  Ij reaktlown  si  rengtli  Ijet'.ceen  a 

high  voltage  .strip  lint'  and  a  ground  plane  with  edg(.'  I'iidd  enhaneenient  of  0,3 

on  tlK’  strip  was  deterniiiied  for  0.3/30  |)ulse,s  witli  and  without  a  luedte  itOcu'- 

faee.  Da'a  I'or  ,ui'  :ind  bl''  e  1 1 V  i  rot  in  i  eni  s  are  shown  on  I'dgnt'i'  4.  102  along 

f) 

'vith  till.'  results  frtmi  1/2  itieli  roil  i  c)  plane  tests.  Mxperinient  s  were  also 

niade  with  e\lliider,s  of  .Several  radii,  spaced  20  and  30  cm  .above  a  ground 

|))ane  in  air,  with  the  re.snlls  (po.silive  |iulse)  shown  in  ’rahle  1.  17.  Iinpubse 

tests  were  also  m;id(.’  on  a  1  ineh  gap  in  Sl'^  and  I’reon  I  14  at  at iiio.sphe rie 

])reHSiire  w.nth  the  eonelusion  that  h'reon  114  is  ei)ii.<-;i  si  eiti  ly  23’/  higher  in 

strength  than  bf  Large  eitrainie  .standoffs  were  aiso  designisl  and  tested 
1) 

to  I  1  MV  d e  in  ; i i I ' . 

The  .MM'.'b  I'lnp  sv.steiii  is  baserl  on  a  nigh  pressure  coaxial  line 

( 7  f> ) 

energy  storage  unit  de  charged  to  sevei'al  inegavolts.  In  suiiport  of  the 

design  Ion  I  hvsies  ( 'oi'porat  ion  snpplii.sl  infori n . it  i on  on  in.txnmnn  radial 
stresses  and  gas  ini.xture.s  in  their  k'X  inaeliim  s  ('i' aide  l.  i  t  (a)).  I’esis 
wc.'re  condueied  on  tin-  f I .i si leve r  of  striplines  spaced  1  ('  nid  13  etn  fiantt  the 
grouni-l  plane,  with  and  ttillioni  lueiie  interf.iee.s,  using  a  200  ns  e-folding 
(deeayiiig)  pulse'.  'I’lie  resull.s  are  shown  on  I'igure  4.  103.  The  dtseussion 
also  ettvers  the  eff"ei  on  fiashover  ol'  soiid  dieleetri<  itarriors  iiorniai  to  the 
inlerfaec.'S  and  of  dieleeiidc  covered  grtnnid  planes.  VVilh  positive  polariis’  ,tt 
the  smaJier  spaeuigs  vi-ry  pioiionneed  eurrelil  loading  liniili'd  !  he  voltage 
whic  h  c  ould  be  aefiieved,  .Studies  oi  this  enrrent  loading  w'ere  itiacle  with 


several  geomel  ric.'S.  It  disap|)e;ire(l  eompletelv  when  a  slight  trace  of  SL 

(j 


'was  addl'd  to  the  air 


it,m) 


1.  Electrodes  Without  Intei-face  in  Air  -  1.  8  ^s  to  B/D 

2.  Electrodes  V/ith  l^ucite  Interface  La  Air  -  1.  4  ns  to  T/O 

3.  Electrodes  Without  Interface  in  Air  -  1.  8  to  B/D 

4.  Electrodes  With  Lucite  Interface  in  Air  -  1,  5  |-is  to  F/O 

5.  Electrodes  Without  Interface  in  Air  -  0  9  to  B/D 

6.  Electrodes  M''ith  Lucite  in  Air  -  0.  7  H  "  to  F/'O 

7.  Electrodes  With  Lucite  in  SF^  -3.2  l-is  to  F/O 

8.  1/2  Inch  Rod -to -Plane  -  3  trs  to  B/D 

9.  1/2  Inch  Rod-to-Plane  -  6(13  to  B/D 


h’iguru  4.  102  lli-uakdown  vulta<»('  vs  gap  lor  test 
fit'l  l  ro'.les  in  air  and  Sp,,. 


{All  )  lOdiNI 


'  .  Dcsij^i'.  C  onsidcrai  iot'is 

■t .  8 ,  1  I  )i  ( ■  1 1  •(  I  ri  I  ] 'i' fform  aiicc 

TIk'  Hi'Vi.'fal  gasi's  of  particular  inlcrc.sl  lor  cii'ct  rical  InsLiluiion 
have  lii'i'ii  li.st(Mi  'A'lih  ilii  ir  important  phy.sifa]  propiM'l  ics  on  T:il)h‘  4.  18.  The 
rclaMve  .slrenj^th  t'oluam  pre.senl.s  an  averatte*  ol'  ilu-  dieleci  ri  c:  .sf.  lamj^t  hs  i-ela- 
tive  lo  niU'ouen  a.s  leuiid  in  the  literature,  but  it  ,shoii]fl  lx-  borne  in  mine'  that 
thiK  i nl'or'in at  ion  is  I'or  ile  oi-  powei,-  riaMpieney  v<ilta)4e  and  ne;ir  uniicMan  iii’Id 
rondilioiis.  Uelativi  r.irenidhs  tan  ehanye  under  inipul.se  anti  tr  iiiuni  rtnan  I'iehl 
condil  ittn.s.  The  pi't's.sn  ii-  ,\|  whieh  llu'  gases  li()i!ir\  ai  room  d  ni|ieralnr"  i.s 
aJ.so  given  logether  \\  i  i  h  I  hi  maximuni  teni  pe  rat  n  i‘i  ■  s  at  which  the;,  shi'tihi  be 
used  Ih'oni  eonsLderai  ions  ol  ihomioal  sUiliilii  v  i  n  I  he  pre.-a'in  e  olT  \  pi  ca ,  con- 
slruclion  malerial.s.  The  nex''  eohnnn  indii.aies  the  ci.isl  pen  pound  oi’  em  hi  tjf 
Ihe.se  insuhmts  and  the  final  ciuninn  iniiieaies  the  cmsi  'o  lil'  a  .specific  voiunie 
( 1  m'^)  lo  Ihree  atnio.spheres. 

I't,)!'  de.signing  in  verv  nonuniform  fieltl  sit  u;U  ioiU'  v.lmrc  corc;na 
.space  charge  effccl.s  make  field  cah  nkd  ioms  difl'icull,  for  example  \vith  u'ire 
gnajmelrios  ;ind  pa  rt  i  eu  la  rl\'  ;ii  higher  I  ret.piencies,  ii  in  .ulcis.ible  to  n  fer  lo 
the  experimental  b rea kdi n  data,  soim  of  which  i.e,  im-liiden  in  the  earlier 
ireatmeMl.  W'here  the  eli-cirtc  fielo  is  nomin  iform,  but  not  si  roiiglx'  so,  typic¬ 
ally  ;i  sphere  gap  ;U  a  Itav  gap/ railiii.s  i-alio.-..  ii  is  po^slhle  Ui  usi  a  s'  liii- 
empirical  approach  tii  dcleriuiiio  breakdown  x'ohagi  .  I'hi.s  apiu’t'ae'h  i.s  ha.setl 
(;n  streamer  theorv  wliich  preilicis  iluU  breakdown  devehips  \i,hint  a  certain 

critical  numtjer  of  ioms  are  reai  lit  at  in  an  eleeiron  avalanclie,  l'■o|'  .-t|.’  , 

I) 

I'eder.Si  n  di  velopel  ilr  r  i '  t ;  1 1  i  i  m  .si  |  i  1 1 

a  -  77  )  d.x  =  k  =  I  8 

where  a  is  the  first  Townsentl  coefficient  and  'q  is  the  attachment  coefficient 
(.SI'  ).  To  us(.’  such  a  relal  ionshi))  in  general  it  is  necess;.irv  tit  txnow  : 
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(1)  Unilorni  I’ii.ld  Ui'oakdtAvn  potcu'ial  ^farliciii  s. 

\2)  a.  niid  rj  \-:>lucs. 

{'■’>)  I'oliMUj]  "riidicMi  ilisl  rilini  iiiti  juross  ilif  i  k  m  uni  1 1  mi  j  i  :i'  1' 


lilafkidt  I-'  nl.  linvi'  di 'Vi  d  i  )|  u-i  1  :i  jm'Iii' I’.i  I  |;iir|  k  i.si  ■  dii;ii;il  i  iimpMli'f  I'lii^r 

W'hi  n  1 1  u  Si  '  s  t  i  u'  Uu'l  t  ]  I's  I  roi  1 1  1  ^  ‘d  :i: k  1  H  .  n  id  I  %  ■(  li  ■  nsi m  i '  s  ri  d .  1 1  1 1  m  s I n  [  i  '  1 1  i  ii  ■  1 1  ■  r 

mine  hi’caKdown  In^ad.s.  I'd  pa  rt-s  I.IOI  1.  110  sIkiw  the  ap  i-i  ■■ -ii  i  >  lO  hnt  >.>,  m  n 

lllis  lindluid  and  i’\|)i  idini  nl  al  fiO  11/  I’lif  Si-vi‘l'al  llSidnl  i^  'nini  l  id''.';.  Also, 

(710 

i  I'oi  n  cons  all  •  nal  i  ons  ol  i  on  i  /.a  I  i  on  a  in  I  a  1 1  a  c  d  ii  ii  '  m  ,  Uo  ri  n  i  I-;  .  1 1  id  (  'm  iki  •  1 1  a 

di'l  o  I'in  i  Ml  ’ll  a  si  111  i  la  id  1  \  la  u‘  lor  SI'  ,  a  I  oM  |-a  1 0  ,.|i  ^■o  1 1  a:  /  ■  .  I’ln  ■  i  r  i  ■  \  |  i  I'l  ■  s;d  u 

(I 

IT  k 'll  1 1  n;  I  i  a  !  d  ,  1 1  ro  s  su  I’l  ■ ,  and  iM  -  oi  111  ■  I  1  1 n  a  ;  1 1 1 1  .  |  h  •  i  i  n  i  •  ■  nl  ii|  i  '  o  I  “d*  I',  s 

^■nl-j!ll()  IxV/i  an.  1 1  nl'ori  iiiKil  (d\  inroriii.ii  ion  on  dii  a  inn  ij  '.alno;.  lor  'Iim 

liidliT  I  iTons  doos  noi  snom  i(i  lio  a\-ailalili  . 

/\n  apiii'oaidi  lia.iod  on  i  i  di  •  imi -n' ■;  ■  I  (oi  '  ■  li  I-. ' .  -  i  ,  1 1  i  i  n  i  d  i  i  |  is  is 

valiialijo  loi'  1  la  s  i  d  1 1 ,  Ini'  il  is  in  i  a  •s;:a  rs  lo  .  onsini  r  .liro  fa  i  lors  s'lali  a,.  ' 

tl’oda  araa,  and  llii  non  id'Sil  sil  nal  loiis  Ulindi  d'  '.'dop  m  i  i  nd  in  a  ■  r  i  n;;  coiiili- 

lions  (  pa  I  I  1 .  ■  1 1  I  do  non'  |  ■  n  i  i  la  |  i  on  ol  i  .  )  .  Id  •  1 1 1 1  o  rn  i  i '  I  on  on  a  ■  i  >  1  !'|  a  I  III  I 

(d) 

IS  I  i  in  i  1 1  'll  .  a  1 1  lioin.i|  I  I  h  i  Ip  and  I  nil  n  |  >  dav  •  a  sai  -  I  ■  1 1 1 1 '  d  n  ii  i  a  In  i  ■  h  di  ■!  n  oi  i 

si  iMU'S  w  •  i  i  I  111  :  '.I  \M  I  i  •  ol  I  di  I  1 1 1  a  I  ( I  d  I'n  "I  1 .  I  I  1 ) .  I  In  In  -a  .  d  i  i '  '  di  ; 

1  Ilia  I  ion  o  I  .  .1  I  I  I  n  d  1 1  i  i  1 1  i  i-'  ■  i :  a.  r-  1 1  i  'i  d-  In  !  .i  '  pr  ■  s  ai  n 

in  Hna  Wild  Ilia  !'|I  all  a  I'loi'  in  rosnii  ■  ' •  nn.-d  i '  1 1  anall  a  i''  a  n-s-  ,  d 


1 1  i  Id  1 1  a  I '  I  ■  U '  a  I  I '  i  ■  ;  1 1  ■  I  i  1 : 


on  '  d-  ■  a il  1  r  a  I  ol  a  I  1  ■.  I  .Ilia  i  ( S 


1  ol  I  !.-!)  ,  i  1 1'l  1 1|  I.  :  i  1.  I  '  ■  II  ,I  a  1  .o  p  r,  I  1 ,1  I  n  1 ,  1 1  1 1 1  a  1 ,  111  1 1.  ■  w  i  nr  l  U.a  i  l  l  aa 


a  I 'a  a  I  ■  n'l '  1  ■'  ill  d  i  ■  a  i 


"I'l  i.i  'll-  "."i;a  li. 1111.  a|ii.ir'  nil-'  ■',■ 


■I  I  d  I  1 .  o'l  i .  ■  I  ■  •  il  .  Il  -  I  I  rl ; . ,  I  )ol  1 1  Ol  -  III  hn  I  i  1 1 "  1 1  id  n  ■  'i  i  ■  i  'ii  •  I  a  i  '  i ;  i  ■ ; ,  'A 

iiU'vilaliK  Oi  p.--  ..-ni  'o  iin.--  '  Xii-nl  in  am  aan  iinnilaii'd  .a  '-'.'n'  drndi.  . 

i  /  n  ,  ‘■"nil  p.  1  ri  1 1  ■  I ' 's  i  1 1  i  1 1. 1  r,  a  -  up  'ivlian  1  hi  -v  aonl  .n  I  .  - 1  a.  i  i  a.  1 1 1 .  .i  r-  : 

S 11  r  1  ;u  1 '  s  ,  1  d  1 ' :  1  !  a  ;  •  p-,  1  1 1  d  a  in  1  I  in  '  \  i  ■  l  o  1  lla  opnos  i  1  a  I  \  i  d  i  I'a'  'd  -n  r  M  ,  .  ■  , 

Ill  ■  I'l  ■  I  111  i  1'  i'Iki  I'aa  is  I',  'sa  ■  r.si  a|  .nn  I  Ilia'.  I'l  '1 11  n  I  and  .so  on  .  I  pi  ri  nn  ni  s  in 


’  d  P  d  1 1 '  Ir '  i  I  '  1 1  ■  pa  ri  il  1 1 'S  (snail  •  ;  ;i  1  uaH  a  I  insU  da-  i  ■  lino 


m 


I'iyiirc  4.  1(15  S|)li('i‘('/|il;iiii',  I  .il  iii(>s|ilii' it  r-t 

i‘Xin’  I'imcMl  .il ,  II  I'si  ini.iii'il. 


23  SO 

(r-*- ,  »m. 


1.  HU)  Conri’nl  ric-  anU  ci.'i.'t'iil  rif  ryliiulri 
1  aljnosplu- ri-  l{  =  (ia.  5  iiini. 
(■xpi'riiiicnl al,  n  l-.si imalcU. 


-  lid  nirn 


•s,  air, 


V/r  kV/mm 


107  C.'omliK'tor  aiul  I'.iri  lied  ui'  ial  pJati 
I  a'lni<JS])licTi.‘,  It  -  1  H)  mm. 

-  (,‘Xpci'inienl ai,  o.  iaiiafi'il. 


prctturc,  atmo(ph«r<s 


4.  lOi’  Conuenlfic  S|_)hcTc /hemisphere, 
K  =  38.  1  mm. 

— (•‘xperimenlal,  o  estimateti. 


Figure  4.  Ill  Effecl  of  electrode  area  on  the  maacimum  gradient  in 

compressed  gas  insulation. 


/ 


;:  i'ious  L'l'l'ect  on  I'.igh  vollagt.  porfox'manco.  Diesner  and  Tnjnip^^^^ 
havi-  I'xanunnd  tlio  otTecl  uf  Irec  conduotiiig  particios  on  llic  strength  of  nitro¬ 
gen  and  SI'Y  in  a  coaxial  oloctj'odo  system  several  fi'ot  in  length  at  voltages 
up  It)  l.lrla  MV.  Aluminum  paidielcjs  of  si-/.e  Icus.s  than  0.7  mm  wore  used, 
['igure  4.  112  and  4.  1  13  show  the  j'osulls  lor  po.sitive  and  negative'  polarity  in 

Sh'  The  curves  laljx'lK'd  I.  ari;  the  I  hreushold  at  which  significant  conduction 
t) 

curroni  w;.us  dederteei  wilh  jiarlieles,  S  is  (he  sparking  voltage'  wiin  particle's, 
and  H  is  lh('  pe i-fo rm aiu'e  of  a  clean  .sysle'm.  Ohvieni.sly,  sparkovi'r  at  peisi- 
1ive  ])olaritN'  is  iiu)re'  se'iisitivi'  to  coni  aminal  ing  pariich's  than  negativej,  al¬ 
though  e'ondue'tion  eaii'renl  starts  at  a  highe'r  volteige.  Diesner  found  that  per- 
tetrating  tlu’  e)uler  e’U'cirode'  ri'inovi'd  particles  from  tiie  e;  lecl  roeJe  r'C'gion  aiifl 
iinprove'd  pe' r  fornuuiee' .  Thi.-'  data  shows  the'  sfi'e)ngly  adverse'  ijffe.'ct  of  par- 
tic'ulale'  e:onl  ;imin;itu)ii  loi'  ele  or  le)W  rre'e|ue'ii<'_y  appi  i  e'al  ieens .  As  niighl  he  e.'x- 
pemte'el  from  coiusitletral  ieui  eel'  [larticle'  meeve'im.'iil  ,  sue-li  e  euil  amination  is  le'S.s 
sigiiifie'ant  I'e)!-  tlie  pulse  e'ltse'. 

DeSLglte'l'S  of  gas  iusutaleel  ee|uipmenl  fetee'  the'  preihleln  e  )f  ek' I  e; - 
mining  ope' rat  ienutl  sli  i'ssi's  frenn  te-si  dal;i,  me)Slly  fi'oni  snuill  e’lect roele' 
te’sts.  What  "facte)!'  eef  .safe'ly"  is  i-e-ejui re'el  tei  de'sign  for  large;!'  iireus?  This 
is  i)arlioul;i!'l\'  e  i'itiesil  lu,",he!'  field  :>l  !'engl hs  (high  pi'e'ssuri's)  he-'eause 
are'u  e'ffe'cis  a!'e-'  mue'h  gi'ea.ile!',  ;!.s  is  the  e-ffe'e'l  of  t:0!\l  ;inu!Ki!its.  'Thu  tpies- 
tio!i  e)r  de'.sig!!  slre  ssi’s  I'oi'  eliffe-i-enl  lypi'S  uf  opemat iei!)  is  perh;eps  be'sl  ;uis - 
wcre.'d  by  ;i  leihuiatiein  of  i  ■  xpe' l•ie!lee  in  !'e'Jai  i  ve'l\  lar'ge'  e'(ii!ipine'nt  .  Re'feei'o 
using,  e)i.'  e' \t  I'.ipeeJ  1 1  i  nr,,  l'!-o!n  lln'Si'  si  re';'ise'.'-:  the  fe)!  Ie)vvi!ig  fi'aLui'e  s  of  gas  i!i- 
■sulal  ieeii  in  sit  i!;il  ion.s  whi-ri-  ii)i'''n.i  .sp.iee  ehai'gi'  eip-els  eu'e'  !ie)l  s  Lg!i  if  ieani 
ai'e'  W'lrth  .''ai!mn  ;iri /.i ! !!' .  I'e>!'  de  p-u\ei'  f  i'e(|ne-ne'y  e'e)!!dil  io!is: 

(1)  Ai  h'ast  fen'  .small  iU'e'eis  ejf  the'  e)i'ele,'r  lOt)  eiu"",  etk'el  ric'ei  1 

.slie'!!i'lh  uu're'ase's  lieu'ai'ly  with  pe'e'ssi!  I'e'  up  to  abe)i!l  10 

at  ]  1 1  osphe'  I'e.'.'^  I'e)i'  Sh'  . 

'  ti 

(2)  Ag!iin  fo!'  senall  ai'e'eis,  e'h'etrieal  stre'ugtli  heeeeine'S  de'pend- 
ent  ujiun  ele'cti'ejde  maten'ial  al)ove  iibejut  10  :itme)splie  res. 
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(3)  There  is  a  significant  area  effect  at  the  higher  stresses. 
l''or  I'xampli',  conditions  giving  50  MV/m  at  areas  of  st.-v- 
erai  squart-  centimeters  will  allow  aljout  hail'  this  stress  at 
one  sqnai'c  meter. 

(4)  Particulate  contaminants  of  a  comiueting  nature  have  a 
strongly  dulclc'riou.s  effeci  on  (Ilc.Tim  I  ric  performance.  For 
example,  whei-e  coni  aminal  ion  is  likely  a  coaxial  sys'etn 
arrangi'd  ve'i't  ii-ally  will  pi-rforiii  heller  than  oni'  arranged 
hori'zonlally  hecausi’  in  the  foruu'r  i-.ise  pai'licles  fall  out 
ofllie  high  field  ri'gion.  The  effeel  of  eoni  am  inants  can  he 
redueetl  hy  u.siiig  [jarliele  exlraelion  gr'ids  or  dnPeclric 
coal  ings. 

(5)  The  |)erformanee  of  pun-  i-lei'l  ronegal  i ve  gases  can  he.’ 
ap))roaehe(l  hy  using  inixiures  of  Ihmse  gases  (e.g.,  2()"ii) 
wil  h  nil  rogen. 

(G)  4'hc  pc  rl'o  I'm  anee  of  gms  gaps  hridged  willi  insulators  can 

appi'tvu'h  lhai  of  the  unhridged  gap  if  good  design  lei'linitjne 
is  used  (malerial.  t'ohesion,  shielding). 

(7)  i'dir  pulsi'  eoiiditions  with  t'ffeelive  duration  in  Ihe  miero- 
see<jnd  i'auge  (e.g,,  I  /  5U  wave)  performanei'  is  usu.illv 
slighlly  above  (l()-‘2()%)  Ihe  de  or  puwei-  rri'r|iienev  per- 
formaiiee.  'I'he  effect  of  conlamiuani  s  is  less  significaiil , 
and  one  would  I'XpecI  Hie  area  effeel  lu  he  less  severe.  For 
pulsi'.'-;  le.s.s  ihan  a  few  mierose-'ond.s  effeel  ivt.'  duration  form- 
aiive  lipie  lags  heeome  iinporUuU,  as  disenssi'd  earlier. 

Infornialion  fiom  several  pultlicalicms  on  the  pe  rlormaiua'  of  f  ^ 
in  larj'er  area  syslems  is  given  on  Table  4.  1!).  .In  general,  these  studies  ari’ 
re'lated  lo  tile  growing  inleresi  in  the  use  of  gas  insulated  lines  lor  undei'ground 
t  ranstn  is.sion.  Keference  (til),  for  example,  iliscusses  the  perforinaiiee  of 
Hiree  separnie  phase  lines,  eaeh  155  meters  long,  lorrning  a  345  kV  transmission 
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Table  4.  19  Larger  area  studies  with  SF 


.  1’!h’  power  iiiduHli'y  requiri's  vi-ry  high  rulia.l)i)it y,  and  it  .S('('i'ns  tla.it  a 

laetor  of  saloty  ol  about  2  (I'clei’t'iK'cs  (81)  and  (82))  has  ln-ci;  dclL'miinL'd  as 
atlequatc  at  those  pressuri's  and  fieJd  slia.Migl  hs.  'I’lic  relati vch'  higii  break¬ 
down  sli-englh  of  the  g:is  eapaeitor  (referi.'iicc  (  I)  of.  rc;fc;rinu  es  (til)  and  (42)) 
is  surpri  si  nq.  It  may  be  diie  lo  fix-  ver'ical  orientation  ol'  the  eoaxial  artantge 
inc’iil,  Ol'  fiei'haps  lo  speeial  eart'  in  handling  the  SI''  .  (<lew  point  ooiitrol  i  to.). 

1' orl  uiudi.'iy  ,  the  cqipl  i  etilions  al  higiKM' voltages  tend  lo  be  for  ex- 
perimimta)  equipment  where  a  se I f- lusd ing  bimakdown  is  ncd  a  disaster,  and 
as  a  eonsequenei.' ,  faetors  of  safely  e;in  i>e  initeli  liass  than  lOr  the  powi'f  in¬ 
dustry.  /\l  tliese  elevtiled  voilagi's  higlier  electric  fields  tire  usually  required 
to  keep  ('(luipmcni  si'/e  within  I'casonttble  limits,  and  as  a  consetjuenco  hight.'r 
presstii’C  istised.  Dflcii  iidvantagi'  is  lakint  of  lh<‘  fact  that,  for  i.'xatripie,  2I)% 
ol'  'Sk'  in  nilrugeii  approttclics  chisely  the  perforinain'c  of  puri'  Sf  (klgurc 
4.22).  I'.'x'.it'n  pies  of  opertiliiig  si  res.se.s  in  megavoll  e(|nipnient  opertUed  elose 

to  breakdown  are  given  in  'i’abie  4.  14.  I’robaldy  llic  lurgi'Sl  lu'ea  multimega- 

\'olt  system  is  the  l'X-|()(l  unit  installed  at  A1''V\'L.  This  unit  has  a  hori'/onl  id 

2 

to  r  in  ilia  1  of  ;i  I'ea  fit)  nt“  ;uid  ope  r.ii  es  ;it  12  MV  (19  MV  /  m)  with  1 II  -  2U%  S  f 

(i 

in  nil  rogen  at  'il)u  psi  , 

4.8.2  t'hemical  Stability  and  Toxicity 

Alihougli  Sf  ^  and  the  p'l  eons  dist'iis.sed  here  are  clumi i ea llv  and 
0 

physiologically  inert  gases,  speei;  I  larc  lias  to  bi'  lak'-n  at  higlier  tempera¬ 
tures  or  whe  re  e  I  e  el  r  i  ea  I  1 1  i  si  I  la  rge.s  may  exi.st  Ium  ,uise  of  1 1  n  ■  akdow  n  of  the 
gas  into  less  deedrald^-  iirodnels.  Snlflir  hexafluoride  will  lie  diseussed  lie- 
fi'i'e  proeeedi  ii(.'.  'o  dr  1  r  -om:..  .Mlliougli  the  pure  gas  ean  lie  healed  in  .ui  iii- 
t-rt  eoMiaiiier  sir  li  as  ipiari'/  to  .'590''  wilhoin  dei-omposit  ion,  it  reads  wiili 
ci.M'tain  metals  at  lemiieratui'es  as  low  as  1  Stk'  Thi.s  can  ereaie  prolilems, 
lor  example,  with  a  lioi  spot  in  a  I  ransforme  r .  Inform  at  ion  is  avidlable  from 
die  nianufaelurer^^^  (jil  the  rating  of  v.xrioiis  materials  for  use  at  high  li.’iiu)- 


Elect ril-al  afcitig,  or  (.-vcti  i-orona,  will  degrade  sulfur  hexafluo- 
ritie,  producing  mostly  lower  fluoricl'-s  of  sulfur.  Highly  corrosive  produrM.s 
may  be  formed,  particularly  in  the  pre.sence  of  water  vapor.  Table  4.20  lists 
some  typical  materials  in  order  of  iiu-reaaitig  rc.sistance  to  chemical  attack 
by  decomposition  pr'oducts  (ref.  General  Chemicahs  lle.soarcb  Laboratories). 
Decomposition  products  can  be  absorix'd  by  circulation  through  a  50-50  mix¬ 
ture  of  soda  lime  and  an  activated  alumina. 

Sullur  hexafluoride  is  not  toxic,  ljut  of  course  will  not  support  life 
and  suffocation  is  possil)le.  Recau.se  it  is  very  dense,  leaking  sulfur  hi.’xa- 
fluoride  will  tend  to  fill  pita  or  other  di'pre.s.sion.s  in  t  hi'  vicinity.  The  decom¬ 
position  products  are  loxie,  in  some  eases  highly  so.  As  a  consequence  it 
is  sound  iiraetice  either  to  vi'iit  insulated  i-quipment  to  the  outside  atmos¬ 
phere  or  to  pump,  via  absorbers  of  the  decomposition  products,  into  storage 
cylinders.  Ashbaugh  t'l  al.^*’^  have  discussed  the;  use  and  handling  of  SF^  in 
a  litrgu  volume  elect  rosltii  ic  aeeelerator  at  (K)  psig. 

The  h'l'eoii  gases  I'’-!  id  and  C-.'118  have  better  thermal  stability 

than  .SL  and  are  relalivelv  inert  ehemieully.  They  ean  be  used  without  degra- 
6 

dation  with  a  variets  of  metals  and  insulating  materials  at  temperatures  up  to 
30(T^  Neithei'  of  the.se  l'■reon  gases  is  toxie  or  flammable,  in  fart  C'-318 

is  ajjjir'oved  by  the  l''ood  and  Drug  Adm  ini  si  ration  as  a  lood  propi’llant.  Huw- 
(?ver,  the  produrl.s  prudiiretl  at  excessive  temperaiure,  or  uniler  electrical 
discliarges  may  be  toxie,  ami  the  eommeius  earlier  on  the  handling  of  sulfur 
hexafluoride  fi'om  high  voltage  sy.slenis  apply  also  to  llie  h'reous.  C'onsiclei-- 
ing  tin;  carbon  ronteni  of  llu-  Fr-  ons  it  could  be  e\|)eet('d  tliat  electrical  dis- 
c  harg(’.s  in  these  guises  would  jjroduee  more  i,'oiulucting  depusUs  Ilian  in 
However,  this  does  not  seem  to  be  so  for  h'- I  Ui  and  C’-3  18.^^'  ^  The  conduct¬ 
ing  deposit  can  be.’  riaium'd  even  further  by  inti'udueing  a  gaseous  inhibitor 
such  as  nitrous  oxide,  and  a  PO/lO  by  weight  mixture  of  F- 1 1 3/ nitrous 
oxide  IS  available  commercially  from  Dul’ont. 

Freon  12  is  the  most  c-oinmonly  tised  refrigerant  gas,  and  in  the 
literature  where  the  label  "Freon"  is  used  in  an  unqualified  fashion  the  term 
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Table  4.  20 

Least  resistant 

I 

'' 

Must  resistant 


Resist  anee  to  aitark  by  SI’’  (clt!com luisefl) . 

Most  haluf^en  ab.sorl)in;f  piastics 
buli'iir  and  sulfur  beariiiff  eoinpouiKis 
Sel('niuin  (rectifiers) 

Silicon  steel 
Steel 
Lrass 
( 'oppc'  r 

Stainhss.s  steel 
Aluininiiin 
Siivi‘1-  pl;de 

Atlivated  alumina,  soda  lime,  alkalis  and  most 
non-inetalic  eletnenls 
I  Tatinum 


usually  I  I'li't’S  t(j  I'l'i  on  12.  As  alroadv  notuci  il  has  excollcint  diuloct ric 
■sii'i'iigih  l)ut  is  rather  unstable  chcmit-ally.  Il  degrades  at  temperatures 
above  about  140^^  C  in  the  presence'  of  several  common  structural  mate¬ 
rials  such  us  oil,  sl('el  and  copper,  and  is  highly  unstable  in  the  presence  of 
elerdrical  discharges.  Because  of  its  low  cost  relative  to  other  dielectric 
gases  Freon  12  is  very  attractive'  for  temporary  tests,  l)ut  should  not  be 
useci  in  sealed  equiptnt.'iit  for  permanent  operation. 


4 . 8 . 


1  Physical  Consid(!ration s 


The  u.se  of  high  pre.ssure  gas  as  an  insulating  nu'dium  requii'es  a 
carefully  desigiu'd  I'ontuinnicm  vessi'l.  Because  llie  stoi'ed  enc'rgv  in 
a  prt'ssuri'/ed  ga.s  is  liigli,  tlu'  ctjnsc.'quttnci'  of  ve.ssel  failure  can  be  disastrous. 
l''or  tliis  reason  eoiUaitic'rs  designed  for  pri;ssures  abovi'  (ute  at ttiu.sphere 
gauge  are  sul)jecl  Ity  slate  law  It;  the  ASM I'i  Unfired  I'ressurt.'  Vi'ssel  Code. 
Wtu'rc  ttic  pressuri/.ed  ltc;u.sing  is  a  dic.'let.'tric,  design  betcomes  pai'lit.'ulurly 
difficult- -less  well  uiKh'i'Siood  or  controlled.  Om.'  allractivo  approach  for 
vetry  high  pn.'s.su res  is  lo  use  a  fiber  wound  vi'ssel,  hui  can;  must  be  taken 

wiih  th('  oriental  ic'ii  of  fibiu's  with  respimt  to  llu'  itlt'ciric;  fic'ld.  Correct  selt'c- 

.  ,  .  (84,85) 

tion  ol  ntatc.'rials  and  qualiiy  control  is  vt'ry  iinixiri  ant . 

Table  4.  18  shov'.'S  the  pressures  at  wliicli  SF^  and  t  tu?  i''reons  of 
particular  intere.st  lier'o  will  liquify  at  room  tern  pi' rut  ure ,  and  Talile  4.2  sliows 
other  physical  proiierlies,  s'.icli  as  density,  and  llu'  temperature  at  wliit'ti  Ilie 
gas  will  liquify  at  almospherie  lu-essure. 

In  many  .'ippli<  :ii  ions  of  flieli'etric  ga..s('s  llie  nliililv  lo  tramsmit 
lieai  from  a  tioi  region,  ofli-i)  at  liigh  vollagt',  lo  an  t'Xiei  nal  cooled  surface 
is  mosi  imporinal.  !'’ortunalely,  largely  because  of  Itieir  liigh  density,  llu' 

(' led  I'onegativi'  gases  transfer  heat  well  by  natural  convi'ction.  They  are  not, 
of  (  i;urs('.  as  effective  as  a  liquid,  but  are  significantly  lietter  than  air.  At 


llie  highi'r  pi-es.sures  the  increased  density  enhances  heat  transfc'r.  In  tests 

(40)  , 

witli  a  lieaicd  coil  in  SF  at  atmospheric  pressure, 


it  has  t;een  found  that 
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ihi'  lu'nt  iransi'rr  to  ilu'  coiiiaining  lank  was  D.non  watts  jm-p  scjuaro  inch  (k^p 

(ieoi-oc,  indcpciidenl  i )l' 1  lu'  1  nnpcratn t'(^  cli ffc n-nrc'  l)i'lwr  i-n  r  oil  and  amiiicnt. 

The  cooffieic'iit  of  t  i-ansfc  r  was  aiuiul  I  .  fi  liini’s  that  of  air.  Holh  I  i  fl 

and  hhcon  liav('  yrealcr  ilen.sil  ic.s  Ilian  iai''  and  Ixdif'i'  lioal  Iran.srcr 

fi 

ppo|-)r  rt  i cs .  I''i'('nn  1  I  fi  and  h'rc-on  C  SIR  hav('  licail  t.ran.sfcr  coidTi <’i cnl s  r‘c 

(fil ) 

.siicctively  2.  1  and  2.2t)  time.s  lhal  nl  air.  !■  reon  12,  willi  a  di’n.sit\’ 

closer  to  Sh’  than  to  h'reon  i  1  fi  or  C-RIR,  presnintihly  has  heat  tr’an.sfi-r  pro- 
(» 

ITerties  i'l<)S(M'  to  those  of  SI'Y-  1’he  iMrlicr  warninj.'s  on  llio  hi|4li  I  on  i  pe  r-a - 
lure  limitations  of  I’rcon  12  should  lie  borne  in  iriind. 
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SECTION  5 

LIQUID  DIELECTRICS 


5.1  The  Attributes  and  Applications  of  Liquid  Diclcclrifs 

Insofar  as  is  tochnieariy  and  economically  possible,  atmospheric' 
air  is  used  for  the  ^;eneral  insulation  of  electrical  apparatus.  This  api)araius 
may  be  concernetl  with  the  generation,  transfoi'mation,  storage,  transmis¬ 
sion  oi’  ulili^ialion  of  electriciU.  cner/^.  Genei’ally,  for  llicsi;  functions,  [)ro- 

vided  tiial.  electrical  stresses  of  20-30  kV/cm,  energy  sLt;rage  of  --vO.  5  x  I  0  * 

3  2 

joules/cin  ;uk1  specific  dissiiJutions  of  ~0.  5  walts/cni  are  ac-ceptablc,  then 

thci’c  is  no  incentive  to  resort  tcj  supei'ior  di('leetric  media. 

i''or  inci'casing  c-lectrieal  sti’e.ss  rc'quiremcnts,  the  simplcnst  cliange 
can  be  effccl.cd  by  replacing  atmospheric;  aii*  with  an  atinosi.'heric  electronega¬ 
tive  gas  (.'-n.ilfurhcxailoride,  b’rc'on,  etc.  ).  This  can  raise  llic  electric. al  stresses 
by  a  fac.'toi.'  <-^2  and  tlie  .stoi'od  enc.’rgy  by  a  factor  s  but  without  materially  in¬ 
creasing  ttic  Allowable  heat  dis.sipation  within  <.'quii)inL'nt. 

.nc;yond  the  general  performance  wlueh  can  be'  acliievecl  l)y  this 
means  a  designer  coji  resort  to: 

(1)  1  ’  ressuri'/.ed  gdsr-.s  or  gas  mixtures. 

(2)  Liquid  (li(;lec;trics. 

(3)  Soiid  dLelectrii;s. 

('!)  Mixt.'d  (tieleetrien,  lic)Uicl/snJ  id,  gaseous/soiid. 

For  judiciinis  c-lioices  of  these  rnedi.g.ind  under  eerluin  modes  of  o[H’ ration, niii’ 
might  expect  to  advan(;e  equLinneiit  pi;rformanee  such  that  eic;ctrieai  stressi's 

^  s 

of  the  order  iO'  volis/eni,  energy  storage  of  llu;  order  0.  1  joule/c;m  atid 

2 

specific  dissi[5ations  of  ..v, LOO  W/cm  are  iiossibic.  Oi'  course;,  these  levels 
of  performance  arc;  rarely,  if  evc-r,  required  simultaneously. 

The  geru'ral  .selection  of  a  liejuid  insulating  mc.'clium  is  governed 
t;y  a  number  of  electrical,  mechanical  and  thermal  considerations.  The 
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important  factors  for  most  equipment  designs  are  reliability  and  cost,  fle- 
iating  to  these,  liquids  provide  self-healing  media,  that  is,  the  dielectric 
properties  are  recoverable  after  a  breakdown.  Gases  ai'e  likewise  self- 
healing  but  solid  dielectric  media  are  permanently  imptiired  ai'ter  volume 
breakdown.  Further,  electrical  damage  is  cumulative  for  solids  so  that  they 
have  a  predictable  "lifetime"  in  a  sense  that  liquids  and  gases  do  not.  Assum¬ 
ing  the  technical  suitability  of  the  three  phases  of  matter  for  an  insulating 
task,  tile  economic  arguments  for  selecting  or  [ircferring  one  over  the  others 
are  complex.  One  is  concerned  with  ttio  iiandiing,  installation  and  mainten¬ 
ance  of  the  dielectric  as  tlu'se  factors  i-clate  to  the  environment  of  the  equip¬ 
ment,  manufacturing  culpabilities,  legal  t  ceslrietions  and  even  personal  iii.’C'- 
ferences. 

Li  those  respects,  tlic  eliara<;'lt;rislics  of  liquids  are  mostly  attrac¬ 
tive;  the  simple  contuiiunent,  ease  of  transfer,  volume  filling  iuid  impregnating 
properties  associated  witli  liquids  build  a  strong  economic  ease.  Additionally, 
the  cost  of  insulating  oil  at-^SOf^/US  galprovide.s  a  cost  reference  for  al.l  sup¬ 
erior  dielectric  media. 

Over  the  whole  field  of  applications  for  whicli  liquids  are  commonly 
chosen  there  exists  a  grcmtei"  divei'Sity  of  diid.eclrie  technology  tlian  for  gases 
and  solids.  Tliis  is  largely  explained  Liy  tiu-  eliemie.-d  activity  of  the  liquid 
phase,  together  with  its  ability  to  absorb  gas(.‘S  aJid  [)rovLde  a  vehicle  for  the 
solid  particles  which  are  inevitably  imesinit.  d'lie  division  of  the  technology 
is  determined  by  the  influence  of  these  eharaeleristies  upon  the  dielc.'etrie 
])ro;jcrties  ol'  the  liquid  and  it  will  be  evident  in  the  misuing  see.tions  that  the 
nature  of  the,-  (deetrieal  stress  to  wliieli  the  liquid  is  stibjeeted  is  tiie  erilerion. 

As  a  consequence,  (.‘quipment  optmiituig  at  high  tluty  cycles,  sueli 
as  transformers,  power  switch  gear,  certain  liquid  filled  power  cables,  el('. 
demand  a  different  si)Gcifieation  for  the  various  propt'rties  of  a  liquid  dielec¬ 
tric  from  the  specification  whicli  might  be  placed  for  low  duty  cycle  equip¬ 
ment.  By  low  duty  cycle  it  is  implied  that  the  equipment  0[)c rates  in  an 
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itilei'iniUent  or  pulsed  mode  with  low  repetition.  For  high  duty  cycles,  greater 
omiihasis  will  be  given  to  the  chemical  and  mechanical  properties  of  a  liquid 
ratlior  than  the  electrical  properties  which  are,  in  any  case,  largely  governed 
by  impurities,  hi  contrast,  for  low  duty  cycles,  tlie  emphasis  is  more  likely  to  be 
on  the  electrical  x>nopin'tii?s  wtiich  will  tend  to  be  more  intrinsic  to  the  liquid 
for  this  mode. 

The  concern  here  is  for  the  diclceliuc  properties  of  liquids  under 
certain  conditions  of  duty  and  electrical  stress.  However,  the  cooling  pro- 
pcrti(m  of  liquids  ami  cooling  techniques  arc  most  important  to  the  electrical 
and  electronic  indusli'ics  and  rcprcsimt  a  considerable  separate  technology. 

For  this,  there  (-xists  a  iisc'I'ul  liu'raliire  i-eview  c.amdtjd  out  for  the  U>SAF 
Materials  l.aborutury  under  tlic  lil-’ic'  Kc|>orls,^ 


5.2  i  ’  J’opcrtios  ul'  Liqu Id  Dickjctines 

5.2.  I  (lemmal  t’ i'oiMU’lie.s  of  Liiquids 

’l'h(!  Lmpoi'lanl  propiu'lies  of  licjuid  diek'ctrics  may  be  separated 
inti)  three  classes:  elcrl  rieul,  iiliysie.d  ami  operationaJ .  For  any  given  appli¬ 
cation  dirferent  weightings  will  be  placed  on  ihe  importance  of  these  various 
propcu’ties  .-iiul  the  lii]ui(l(s)  selei-ied  should  have  pro[)e rites  whieh  are  most 
appropi'iale  but  always  within  the  aeeeptal)Je  cost  range. 

A  iR  'I- exliaustive  listing  of  these  pi'operties  are  as  follows: 


(1) 


Fleet  I'j  eal  I '  l•0|)eeli(m 

Iheteel  I’ii:  Strmigth  (  F) 
Dieliu  lrie  Constant  (  e  ) 
Ui.s.sii)ation  Factor  (Tun  S  ) 
VoJume  Jicsislivity 


Range  of  Values 

10^  V/rm  -  -5  X  10^  V/cm 
2  -  80 

0.0001  -  0.05 

P  1  *5 

10  -  10  ohm /cm 


(2)  Physical  Properties 
Density 

Coefficient  of  Thermal  Expansion 
Specific  Heat 
Thermal  Conductivity 
Viscosity 

Molecular  Strut:tur’e 

( 3 )  Operational  ]^roi>erties 

Chemical  Stability 

Compatibility 

Flash  Point 

Toxicity 

Coat 

If,  as  in  UiG  previous  subsection,  on(,‘  assumes  that  i.’lectrical 
equipment  may  be  separated  into  two  broad  elassifications  according  to  its 
intended  operational  <iuty  cycle,  then  ci.'rtmn  distinctions  can  be  made  bti- 
tween  the  liquid  dielcuitric  j)rc'piu‘ly  I'C'quii'mnenls  of  Uiesc  classifications. 
For  the  high  duty  cycle  equipment,  maintenance'  of  ajiy  of  the  electrical  pro¬ 
perties,  with  the  possible  exception  of  dielectric  constant,  will  depend  upon 
the  chemical  stability  of  ilie  liquid  in  the  equitnnent  environment,  and  this  can 
often  be  associated  with  the  degree  of  compatability  which  the  liquid  has  witli 
the  materials  used  in  the  fabrication  of  the  equii)ment. 

Again,  assuming  tliat  the  more  obvious  liquid  pi'operties  for  de¬ 
sign,  manufacturing  and  pc'rformance  have  been  evaluated  -  such  as  dissipa¬ 
tion,  viscosity,  etc.  ,  theti  the  value  of  the  dielectric  consttmt  is  of  funda¬ 
mental  importance.  This  determines  the  level  of  energy  storage  within  an 
equipment  at  the  operating  peali  voltage,  according  to: 

W  =  1/2  e  6  (1) 

o  r 
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whr  "0 

e  ^  =  Permittivity  of  free  space 

e  ^  =  Relative  permittivity  (dielectric  constant)  of  liquid 

E  =  Electrical  stress 

For  reasons  of  efficiency,  system  safety  and  cost,  equipments  associated 
with  ener^jy  transformation  and  transmission  require  the  least  possible  stored 
cner/:^  and  therefore  a  liquid  with  tlie  lowest  dielectric  constant.  On  the  other 
band,  coinponi'nls  intcndc^d  for  energy  storage,  that  is  capacitors,  require  a 
liquid  impregnant  vviili  a  relatively  high  dielectric  constant  which  is  also  elec¬ 
trically  comiHitihh-  witli  ttu;  solid  diclcctiic  which  it  is  impregnating. 

I  'or  the  low  duty  cycle,  or  pulse,  equipments  il;  can  be  broadly 
stated  thul  tlic  elcihri cal  characteristics  of  liquid  dielectrics  art;  given  prime 
attention.  nielecfri<'  strength  is  of  foremost  importance,  the  higher  the  value 
the  more  compact  tlie  equipment  can  be.  This,  togetlier  with  a  high  value  of 
dielectric  constant  yields  the  greatest  stored  energy  density  within  the  equip¬ 
ment.  This  is  often  a  desirable  characteristic  of  the  class. 

For  botli  the.se  classifications,  there  ai'c  operational  properties 
which  arc  rclatcal  to  safety  and  economies  which  must  be  taken  into  account. 
The  flash-point  and  degree  of  toxicity  of  the  liquid  ax-e  factors  of  interest  par¬ 
ticularly  as  the  required  volmnc  increases.  Apart  fi'um  any  legal  restrictions 
the  costs  of  hatidling  and  proloclion  could  be  significant. 

The  cost  of  a  fluid  could  well  inllucncu  Liu.'  dielectric  clioice.  In 
practice,  provided  llial  liio  gi.'ncral  pro])er'Lius  arc  rcasonabiy  acceptable,  initi- 
eral  t)ils  .arc  used  for  large  volume  applications.  It  is  only  for  small  volumes 
or  special  applications  tliat  the  choice  of  a  liquid  may  be  made  on  purely  tech¬ 
nical  grounds. 
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r),2.2 


Particular  Properties  of  Certain  Liquids 


The  liquids  or  classes  of  liquids  which  find  common  application 
are  not  too  numerous.  For  a  given  type  of  duty,  the  dielectric  stresses  which 
may  be  assigned  do  not  vary  greatly  under  practical  conditions.  The  superiority 
of  one  liquid  over  another  depends  more  upon  the  proiK-rtic'S  of  dielectric  con¬ 
stant,  dissipation  factor,  viscosity,  flash-point  toxicity,  etc. ;  the  weighting 
given  to  the  various  properties  will  be  in  accordance  with  the  equipment  spec¬ 
ification  and  the  manufacturing  processes.  With  a  few  exceptions,  one  of  which 
may  be  water,  the  characteristics  and  properties  of  liquids  are  evaluated 
against  those  of  mineral  oil,  the  commonest  and  cheai)est  of  all.  Further,  to 
a  first  approximation,  the  statistical  data  available  for  the  dielectric  strength 
of  minc.'ral  oil  under  various  conditions  may  be  lalcen  as  a  design  guide  for 
most  liquids. 

5.2,2.  1  Mincmal  Oil  (Table  5.  1  and  5.2) 

These  oils  are  derivatives  of  crude  petroleum,  classified  as  heavy 
distillates.  The  oils  arc  therefore  complex  hydi'ocarboiis  and  the  r’cfining  pro¬ 
cesses  are  controlled  to  obtain  distillates  which  exhibit  the  desired  compro¬ 
mises  between  best  dielectric  properties  and  bust  chemical  stability  from  a 
givem  crude  oil. 

Being  a  significant  byproduct  of  a  gigantic  industry  this  insulant 
is  in  abundmit  supply  with  a  powerful  marketing  base.  The  i-olative  cheapness 
and  overall  satisfactory  properties  have  ensured  that  this  family  of  oils  have 
the  widest  apiilication  of  all  liquid  insulemt.s.  Mineral  oils  arc  extensively 
used  for  transformer,  capacitor,  switch  gear,  and  many  other  applications. 

The  major  problem  with  mineral  oils  is  tliat  they  are  susceptible 
to  oxidation.  The  rate  of  oxidation  depends  upon  temperature  and  other  envir- 
ojimental  factors. 

Oxidation  brings  all  the  tribulations  such  as  acidity,  water,  sludge 
aiid  cvolvcti  gases  which,  together  reduce  the  initial  effectiveness  of  the  oils 
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Table  5.  1  Typical  properties  of  liquids 


Note;  For  defiuitions  of  viscosity  units  and  conversions  see 
"Handbook  of  Chemistry  and  Physics"  (in  38th  Edition, 
1956-57,  p.  2029),  Chemical  Rubber  Publishing  Company. 


Table  5.2  Comparison  of  oil  testing  techniques  and 
requirements  for  the  dielectric  strength  of  transformer  oil. 


ELIiCTROUl'S 

Specified 

Value 

Country  and 

Size 

Shape 

Sp.uinp 

Volt.liic 

Spccirn.alinn 

{ Inches) 

(Inches) 

Rise 

for  New  Oil 

liritisli  (liSMS) 

.5-.512 

spheres 

.177 

0  to  sp  eaUie  in 

10"  -  liolt)  for  1 

drums  5n  kv 

minnio  tlien  incie.rse 

1  kv/scc 

bulk  ‘iO  kv 

USA  (D«7/) 

1.00 

disks 

.100 

}  Icv/scc 

26  kv 

(#13) 

.29'* 

spheres 

.079 

1  kv/5  sec 

18  kv 

I'raiici.'  (ClU'Cun) 

.'172 

spheres 

.190 

Hold  1  minute 
at  each  5  kv  ri.ie 

'10  kv 

Goimany  (()370/'l) 

cc 

caioltcs 

.0911 

0-110/20  sec 

30  kv  (dried) 

Italy  (CF,I  10.1) 

.3<;4 

spheres 

.19('> 

1  kv/sec  to  40  kv 
liuij  7  inimjtes 

<10  kv  (dried) 

Sweden  (Sl;NH.07) 

.472 

spheres 

or 

.118 

100  kv/em 

cone.  t7ls. 

.197 

Swil/erl.«id  (SHVlJd) 

.4y.> 

spheres 

.196 

1  k»/sef  to 

30  kv  •  lioh.l 

30  kv  (dried) 

30  sctullds  • 


as  alL'CU'ical  insul;jits  and  coolants.  Much  of  the  dcvcloinnoiit  and  rosearcli 
activity  is  i.lirec  lL'd  towards  the  foriaulati(jn  of  additive-s  or  l'cI  arUants  which 
can  reduce;  ihe  I'ales  of  oxidation. 

The  use  of  mineral  oils  iji  l.ar;>(;  voliimens  is  r(,'f,rulatc‘d  Ijy  the  Board 

(2) 

of  r'ire  Under'wi'iters. 

5.  2. 2.  2  Askai'cls  {'I’abh;  .'i.  1  and  5.2) 

'I’hi.s  is  a  f.unily  of  synlhotie  licjiiid  dielccl  idi  s  whicii  ar'c  chlorinated 
derivatives  of  ai'Oinatir  hydrocarhoii.s.  Ih  Liir;  -syiii  in-Uic,  inembci  s  of  this  t;la.ss 
iiave  [jroprictary  ti'adi'  iiajnes,  siicli  as  I’ytauiol,  ArocliloL'  etc.  I'lu;  hrealidowii 
products  arc  u.ssununi  to  he  only  hydro^'en  chiuiudlc  and  i;arl)on  for  correidiy 
syntlicsi’/A'd  l.jejiiids.  'I'Ik.'sc  li(|iii()s  are  iniciuled  to  rc'pJai.'c  I'nineral  oils  svlu-ri; 
fire  liaxai'ds  arc-  i-cstrictivi;  and,  hecause  of  Ihcij'  oliejiiii.'ai  stability  with  tfreatly 
i'cdu(.:ed  rate  of  e)xidatiou,  l,o  provide  iowcf’  niainteiuuK;(;  (;osts  than  are  nornuil 
for  iniiii'rui  oil  insulated  s>-sl(;m.s. 

Atidi li(nud,ly,  the  dielec;'.ric  I'onstanI  of  u.ska.rc.ds  i.s  in  the  lautife 
4.0-t).(J,  pruvidinr  a  hotter  inaleli  to  pai)or  Ilian  niineru.l  oils  (  y  =  2. 0-2.0) 
for  iiTiproftiiel  ion  pui'iiones, 

'I’lii.s  imiiroved  match  results  in  hij^her  energy  densitii'S  foi'  ea[!a- 
citor  units  and  a  wide  aeecplanee  of  the  askar'-l.s  as  ini i/regnauts. 

'I’liese  liijLiids  ai’c  therefore  used  peinuirily  in  oiipacitors  and  Iraiis- 
foi'mers.  As  foi’  inosi  iiguids,  there  ai’e  shorl  eoniin,",s.  'I'liere  i.s  .t,  hiahec  tie- 
pree  of  toxiciiy  than  witli  ininerai  oils  and  more  dioiu'lit  niiisl  he  aivtsi  lo  eoin- 

C:!) 

patahilUy  wiHi  oilier  m.il.i  riats. 

5. 2.  2.  2  J’.ilybiilciu  s  ('I'ahle  .5.  I  and  .2. -1) 

'I’lie  I  n  il  yhiil  I’ne,-;  are' a  fain  ily  of  synllu'tie-  lic|uu!s  \'.liieli  an  iioKuices 
hiitenie  (  hi  1 1  y  I  Cl  1C ) .  'I'licy  have  a  wide'  viseeisily  I'aiiui-,  (i(l-20()0  ssu  .il  'J12'’r,  'Ahieh 
ijiake'S  lll'■ll’  niccliaiiie;al.ly  .'Uiital.'le-  for  voiunie-  filiinr,  and  iinprcunaiion. 


Table  5.3  The  characteristics  of  General  Electric  Company  pyranols 


Askai’els 


Spocific  Gravity 
(65/15. 5“C) 

#Ml6 

(A13B1) 

a  H99 
(Al3Bn3) 

.#  1478 

#1467 

#1470 

1.-1951.315 

1.4051.-115 

1.-160. 1.465 

1. 560-1. 568 

1.563-1.571 

Kcfr.Klivc  Index 
(25"C) 

1  .A.370- 1 .6390 

1.6290  1.6310 

1.5695- 1.5705 

1.6137-1.6147 

1.6075-1.6085 

'I'utal  Acidity 

( Mp.K<’in/pt )  max 

r  1110 

0.010 

0.01 

O.Ol 

0.014 

Tree  (itilufulcs 
(rrm)  max 

O.l 

0  1 

O.IO 

0.10 

0.10 

I*r«.v  vSulfatts 

None 

NniH* 

None 

Nt)ne 

None 

NX'', Iter  C.nnifnt 
(I'l'iii)  m.i\ 

35 

35 

30 

30 

30 

Vi^OMIy  (SSI'; 

SfCKKl't 

37.8  C 

195  205 

38-31 

52-56 

40-43 

ys.9'  c 

‘1.1-4K 

3«-10 

. . 

Pom  Point 
("('.)  in.ix 

10 

0 

1(1 

-32 

-44 

Fu<*  Point 
(‘‘(.1  max 

Nofic* 

310 

None 

None 

None 

(aiKt  (  APH  )  nu\ 

loo 

150  . 

150 

150 

150 

Uk  let tri.  .'^tK'n,i;lli 
(  J5''('  K\  )  inin'''^ 

35 

30 

30 

35 

35 

DiclCv  ll  ii  roiist.int 
(Uh)-;) 

■1.15-'l  35 

4.6 

3.7 

3. 5-3.8 

3.8-4. 1 

Rc.oMitiiy  (oliMl'cm, 

1()(V  (  )  mid 

500  X  10'' 

500  s  10" 

50  X  10" 

1  no  \  1  (!'> 

100  X  10" 

Distilindon  Kan>;o  ('^C) 
i'ilSt  lln)p 

310 

21)0 

200 

210 

1 0  .Y  point 

366  3/8 

232-240 

30^;  I'oim 

37|.3''y 

210-215 

275-500* 

907-  Pciiiit 

370-391 

385-400 

390-400 

Diy  Point 

365 

220 

. 

Specific  Hc.it 
(v.d  at 

M)-)5  C) 

?62 

2.61 

2.51 

2.55 

Thermal  CmtiliK- 
livity  (  >0  C) 

?SI  K  lo  " 

346  .\  10  " 

29H  \  10-'^ 

Coff.  of  1  xi'.msinn 
{  1^.5I0g''C:) 

.000661 

.000702 

.000/5 

.00070 

.00070 

*  Tliib  is  ihc 


**Gap  0.  1  inch. 
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Table  5.4  Polybutenes- -properties,  thermal 
aging  and  mixtures. 


(a) 

Propt-rl/. 

\  of 

iC-r. 

i.i 

l.li'Hh  f.‘ol  ^il 

^10 

4?0' 

4;U' 

liiT' 

-.0- 

Gi  ■ 

U  (1 

7iMl 

Vj'.C(':iI;.  ((»  y 

Oi 

m 

IM'-.O 

RO  C 

.M 

10 

oC  f- 

in/ 

Ml' 

iTu'  Ponil.  C 

SI 

- 

.  3? 

•  ?p 

1.' 

; 

1 

74 

ip.,  Cl.  ,  i!.  (• 

0  »; 

or/ 

{jy\.\ 

or. 

0-  •; 

(■  i':‘i 

0  ^ '  1 

n  '.R. 

11..  I'i.iiit.  -i; 

I -1 

vy* 

)|.!l 

in 

?l'j 

?lf. 

7AI 

7/7 

I■(u".l  (.ui.  ;<•  • 

I'Ocp^  am: 

f  o: 

nni 

001 

01 

0  1 

01 

0  I 

0? 

■/  O  c 

00.’ 

ow 

00. 

0? 

li  ? 

0  4 

OS 

O't 

[jii  1  7('  C 

7n 

?.?\ 

'h 

7?l 

?:‘i 

7.7-1 

?.’’3 

?o  r 

?.IS 

?.I1 

1 IG 

?  IS 

7  1/ 

7.1/ 

7  I**' 

1..  is'.ivily. 

diilii  fin.  >;  10  * 

ii.-i 

l(n 

ICti 

lf!t 

l;n 

lao 

100 

I'fl 

/u  i; 

I'il 

ICO 

IC!l 

1.'- 

KO 

•JH 

to 

*As  l-y  A'li*  uO.  Ciii|» . '0»0«il'- 1'*  {•*'.  .u'‘l  \V  H  n»-.  f.  I  lil. 


(1.) 

1  (lc<1\  of  )  hri  uivl  Ayiiw/  on  1  1 

.  I-I.l  t 

ll.i-ntr. 

1 

Vi% 

Pjtir.nl 

POV.l't  1  M  1, 

I.’i*sislivi|y. 

A.mIOv. 

Cin'Y 

(Orff 

y  ic  ■ 

I'lcl  Co'fi 

C'lrti  •  n  ^  10  ' 

K  •' 

f|.. 

(lyin’  Cm, 

i 

rtVt 

MC 

20  f 

/n  c 

:u  •  /o  c 

KuH  »■ 

rs  c 

/O  c 

, 

—  — 

1 . 

.  ^  .... . 

—  .Ill . 

M..  .... 

...  .  . . 

f 'inoi.il  (’ll. 

1 

Viipi'i 

0? 

7  76 

7..’1 

"0  10 

OCiiH 

70."’ 

88 

Avt  il 

1 

r-s 

?7‘. 

??(l 

ll)  7 

(lol 

70  4 

ns 

! 

‘1  •> 

*s 

77JI 

7  77 

I.S  01 

OIS 

?(>(. 

7’.y 

1 

'  lit.,  1  |i. 

V(i  I’m 

0(.l 

P'V 

7  70 

7  l-l 

•IfO  ll) 

OO'S 

3  -4  } 

OG 

} 

A.’,  .i 

0  0‘‘| 

OJ/ 

7. 40 

?7I 

F  n  ').0 

0-4' 

4»  S 

7'i  4 

Ap.i  iJ  w  .Ci'i*.' 

1  0  '• 

?u 

7  7« 

7  M 

0  0  C 17 

0  I.’ 

41  1 

74  S 

•1.M  111..  111 

f 

Vlll.MI 

OUI 

OA.’ 

7  71 

7  IS 

•  IW  ..1(0 

0 

.3/ 

A.'nl 

0  05 

0\i 

7.41 

7 

SO  OS 

0  41 

.'b'> 

7.4  S 

Ij 

Af’e;!  \/  Coi';-'  i 

1 

f1 

7  30 

7/4 

1 0  O.C'J 

ou<< 

?t.i 

70  0 

.I'll  imv  f1i. 

Vtll'Ml 

Ol’l 

uci 

?  *0 

7  11 

>I(U  .HO 

noj'- 

4.’l 

7  S 

A|-.,| 

Ofi. 

(1  IS 

7  :'.s 

7  71 

no  /.s 

0?3 

JV 

.’O' 

Cflri 

U  4 

0  1 

ll 

7 

0  *1  (1  h 

0  1? 

441 

M  1 

1 

'  1 

(..) 

of  Oil  f- 

Ain 

fl-».  \ 

' 

lii- 

U'.'iy. 

, 

.  .•  •■ly. 

q> 

i’urit't  1  j- 1 

'  ili 

I-  ,  |  4  « 

null'll. 

;!>  C 

l.'v' 

70  t 

/ll  i 

.1*  (' 

a'  1 

[ 

f.K.. 

.i;*’  ' 

/f. 

139 

(i  03 

0 

10 1 

\oO 

1 

A,  1 

Of. 

1.' 

/o 

0.4 

1 

f.'.Hii  ;.,l  1 1,1  1  ; 

i 

I'f  in(-  .  iiii..  1 

v-i.-.n 

1  .-lO 

?'i0 

/S 

oo.» 

0 

uo 

i:.c 

Ai’.'  1 

0  1 

0.8 

9fi 

1  4 

of  IJh  '  i.  v.  ;• 

Vu.:'. 

n 

0/S 

1-n 

0  07 

0 

IfT 

l.’O 

A;  i' 

0.1 

0./ 

10  0 

I  0 

Mii.i-;,  !  ,.  1  >  ‘ 

Of  !'•  .  1.  I  h. 

Vu-  ,1 

U.c  J 

5!0 

rv 

0  01 

0 

If-O 

so 

. . 

0.1 

0  8 

17.0 

_’:j 
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They  are  characterized  by  tlr.'ir  good  electrical  properties,  having 
excellent  po  wer  factors  and  dissipation  factors  at  supply  frequencies.  Under 
their  normal  applications,  as  pipe  and  cable  insulants,  it  is  claimed  that  their 
electrical  properties  are  not  deteriorated  by  oxidation. 

Polybutene  can  be  mixed  with  mineral  oils  to  provide  for  adjust¬ 
ments  to  viscosity  characteristics. 

5.  2, 2.  4  Flu o ro c arbon s  (Table  5.  5  and  5.  6) 

These  can  be  obtained  in  gaseous  and  liquid  form  and  are  deriva¬ 
tives  of  organics  with  the  hydrogen  replaced  by  fluorine  and/or  chlorine. 

They  are  rarely  used  in  largo  volumes,  being  more  confined  to  electronic 
applications  for  which  their  excellent  coolant  properties  provide  a  significant 
space  advantage. 

Those  liquids  are  chemically  inert,  non-flarnmablc  and  have  low 
viscosity.  Electrically  they  are  equally  attractive,  having  a  low  dielectric 
constant  {^2,1),  extremely  low  dissipation  factor  over  a  wide  frequency  range, 
high  resistivity  and  a  published  dielectric  strength  50%  higher  than  "pure” 
minei'al  oil. 

For  volumes  where  the  dielectric  cost  is  small  compared  with  that 
of  the  contained  equipment  the  fluorocarbons  are  excellent. 

5.2. 2.  5  Silicone  Oils  (Table  5.  5  and  5.7) 

These  oils  can  be  obtained  in  a  wide  range  of  viscosities  (1-10^ 
cs).  For  any  given  oil  the  viscosity  change  with  temperature  is  much  less 
than  for  mineral  oil. 

They  are  particularly  useful  for  applications  requiring  low  dielec¬ 
tric  losses  over  a  wide  frequency  range  at  elevated  temperatures.  Even  at 
temperatures  in  the  200°C  range  the  liquids  retain  their  characteristics  and 
are  chemically  stable. 
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Table  5.  5  Typical  properties  of  liquid 


7'ab^e  5.7  The  physical  properties  of  selected  silicone  fluids 
manufactured  by  the  General  Electric  Company. 


Property 

SP96(‘i0) 

SF96(100) 

SF96(500) 

SF96(.t000) 

Viscosity  at  37.8°C 
Ccniistokes 

-10 

too 

500 

1000 

Saylioll  Universal 

189 

460 

2260 

4620 

•Viscosity  Tcinperaturc 
Coflliciciit 

0.588 

0  590 

0.599 

0.599 

Pour  Point  <°C) 

-34 

-53 

-49 

-49 

Spcrilic  Gravity 
(2Q/20'’C) 

0.964 

0.965 

0.969 

0.969 

Plash  Point  (°C) 

315 

320 

320 

323 

Spciihc  Heat  (26.(i'’C) 

0.374 

0.370 

0.365 

0.332 

Coi'flicient  of 

P.Kpansiun  (°C) 

0.00098 

0.000968 

0.000932 

0.000920 

Color 

Water  white 

Water  white 

Water  white 

Water  white 

Cooilition 

Clear 

Clear 

Clear 

Clear 

Rcailion  ( initKOH/ftram) 

0.04 

0.04 

0.04 

0.04 

.  .  .  n-  .  ,  viscosity  at  210’F 

Viscosity  tciiipcrature  coctiu'iciit  =  1 - r - - - -re 

viscosity  at  100  t 


Proporfloi  an 

d  B/fveis  of  Aging  on 

Slllcancs 

Aged 

f'lopdly 

1  iquiti 

Virpm 

Aged 

w  Copper 

Miiiei.il 

20  C. 

0.03 

1.9 

3,5 

Oil 

?0;c 

0.2 

Ib.b 

45 

I'ov.x't  i  Jclur 

800  iii'v 

20X 

0.01 

0.02 

0.02 

■ ;  10  ' 

Silicone 

/o  c 

0.04 

0,04 

0.08 

SOOO  iiiw 

20  C 

0.01 

0.01 

0.01 

Silicone 

fO  C 

0.03 

0,03 

0.04 

Mnieial 

20  C 

2.20 

2.2b 

2.28 

Oil 

70  C 

2.21 

2,20 

2.22 

Diclcclfic 

KOO  iim- 

20- C 

?./3 

7.72 

2.69 

CoiisMnl 

Silicone 

70' C 

2.bb 

2.b/ 

2.53 

bOOO  imv 

20C 

2.73 

2/1 

2  7S 

Silicone 

70'C 

2.b6 

?.bb 

2.58 

Mlncial 

20"C 

90 

10 

1.5 

Oil 

70-C 

10 

2 

O.l 

Rcsislivity, 

800  inw 

20' C 

IGO 

00 

35 

0liin  r.iii  X  10" 

SiMionu 

70  i: 

80 

11 

b 

SOOO  litvv 

20'C 

101) 

47 

bO 

Silicone 

70 ’C 

Ob 

16 

10 

Mineral  Oil 

0.008 

0.03 

0.15 

Acuilty, 

SOO  mw  Silicone 

O.Ollb 

0.00b 

0.00/ 

inu  KOII  g 

bOOO  iniv  Silicone 

0.00b 

O.COG 

0.005 

Mineral  Oil 

20.2 

20.4 

20.0 

Viscosity. 

800  iiiw  Silicone 

19 

20,2 

20.1 

cpiM  C 

bOOO  iiiw  Silicone 

9/ 

98 

98 

Harkins 

Mineral  Oil 

-8.8 

14.5 

25.0 

Spi  Coolf. 

800  IIIW  Silicone 

9.3 

7.2 

7.7 

(^ynes  cm 

5000  ivw  Siiicufio 

8.3 

8.5 

8.1 

Silicone  oils  are  expensive  compared  with  mineral  oils  and  other 
liquids  but  can  perform  unique  insulating  and  cooling  functions. 

5.  2.  2.  6  Castor  Oil  (Table  5.  5) 

This  is  one  of  the  more  important  vegetable  oils.  After  proprie¬ 
tary  treatments,  this  oil  is  often  selected  as  the  impregnant  for  energy  stor¬ 
age  capacitors.  For  economic  reasons  these  capacitors  are  more  highly 
stressed  than  filter  or  power  factor  correction  capacitors  and  therefore  sub¬ 
ject  to  partial  electrical  discharges  at  peak  charge  which  cause  dissociation 
of  the  impregnant. 

Under  these  conditions,  hydrogen  is  evolved  from  castor  oil  which 
recombines  to  form  a  wax  of  similar  dielectric  properties  to  the  liquid.  Capa¬ 
citor  life  is  enhanced  by  this  process  when  compared  to  the  effects  on  other 
impregnants  operating  under  similar  conditions. 

5 . 2 . 2 . 7  Research  Liquids 

These  arc  liquids  of  known  molecular  structure  wiiich  can  be  ob¬ 
tained  in  very  puri'  form.  Tlioy  arc  ideally  suited  for  experiments  which  are 
concerned  with  understanding  the  "intrinsic"  breakdown  meehanisms  in  liquids 
and  any  dependences  of  electrical  performance  due  to  molecular  structure'. 
Proprietary  liquids  are  loo  complex  for  use  in  this  fund  .imental  work. 

Commonly,  the  liquids  used  are  alipliatic  hydrocarbons  of  the 
alkane  series- -pentane,  hexane,  heptane,  octane,  decane,  etc.  and  the  pul)- 
lishod  data  for  these  liquids  are  only  of  practical  value  in  a  qualitative  sense. 
The  ic'sl  eb'ctrode  g(,'omcf  ries  and  dimensions,  coupled  willi  the  dielectric 
treatments  normally  used  do  not  permit  extrapolations  to  operational  systems. 
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I'.  ■’  Factors  Influencing  the  Properties  of  Liquids 

There  are  intrinsic  factors  which  influence  the  various  properties 
of  liquids.  These  factors  can  be  appreciated  by  study  of  the  data  taken  from 
research  fluids^ in  which,  for  example,  the  properties  of  dielectric 
strength,  viscosity  and  thermal  conductivity  are  seen  to  be  dependent  upon 
molecular  structure  or  molecular  weight. 

In  engineering  practice,  the  selection  of  a  liquid  is  only  indirectly 
based  on  thc.se  fundamentals.  The  performance  of  a  liquid  i.s  strongly  influ¬ 
enced  by  its  physical  environment  and  most  importantly  upon  the  nature  of  the 
applied  electrical  stress  factors. 

5.3.1  Iduvironmcmtal  Factors 

Because  of  the  nature  of  liquid  dieh.'ctrics  many  environmental, 
factors  influence  their  proiau'tios  ajid  the  more  important  of  th(.?se  factors 
must  alway.s  be  included  in  the  selection  process  and/or  in  the  assignment 
of  a  design  stress. 

In  IK.)  particular  order,  some  of  the  factors  may  he  listc'd  as; 
temperature,  pressure,  type  of  containment,  elect ro<li'  material,  eieetrotle 
area  -  or  dieleeti'ie  volume,  I'adiation  environment. 

5.3.  1.  1  Bleeti'ode  Ai'ca/ Bielectrie  Volume 

There  is  some  justification  for  selecting  electrode  are:i/dielcctrie 
volume  as  tiie  mosl  interesting  of  these  factors  iji'cause  an  estimation  of  its 
effect  upon  the  as-ogiiaiii i’  ili('t(H;lric  stress  involves  and  recognizes  the  statis¬ 
tical  naturi'  of  diclcetiai'  breakdown. 

Briefly  at  lliis  .stage,  if  a  number  of  dielc(;tj.'ic  l)reakdown  measure¬ 
ments  are  taken  under  ideiitit  ;d  conditions  bi  tweeii  the  same  pair  of  electrodes, 
die  observeci  data  may  be  given  a  mathematical  d(''Sc  riptiun. 
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'riu'  nu- an  value  of  breakdown  voltage  is: 


where 


I  X  i 


n  =  number  of  breakdown  measurements. 

The  "Modal"  value  of  breakdown  is  the  value  which  has  the  highest  occurance 
frequency  Guid  can  be  different  from  the  mean  value. 

The  dispersion  of  the  data  about  the  mean  value  is  measured  from 
the  variance,  : 


n  —  9 

Z  (x^-xr 


The  standard  deviation,  S,  is  the  square  root  of  the  variaiiee.  A 

theoretical  relationship  b(!tw('en  breakdown  voltage  tmd  electrode  area  has 

,  ,  .  ,(6,7) 

been  derived 


where 


V  is  modal  B/11  voltage  from  ei<-ctrudi'  area  A  . 

i  i 

V  is  modal  B/D  voltage  fron)  (Tecta-odL'  area  A  . 
S  is  standard  deviation  for  one  of  the  areas. 


This  equation  is  precise  if  the  value  of  S  can  he  assumed  independent  of 
(C.7) 

area. 

The  effect  of  this  area  factor  upon  the  assignable  dielectric  strength 
of  a  liquid  (leaving  aside  the  esoteric  arguments  on  dielectric  volume  at  this 
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;'tUL;i.  )  is  illustrated  in  Figure  5.  1.  Approximately,  an  increase  in  area  of 
furce  oL’tlors  of  magnitude  reduces  the  brcaledovvn  strength  of  a  liquid  by  a  factor 
of  2.  This  is  typical  under  a  wide  range  of  stress  conditions. 


5.3.  1.2  Temperatu  re 

The  tempc'rature  of  a  liquid  dielectric  has  influence  on  both  its 
electrical  and  mechanical  properties  and  is  cci  tainly  a  factor  in  selection  and 
stress  assignment. 


Fffcct  on 


Tlic  ajnbient  oi'  operating  teniperatui'e  of  a  liquid  dielectric 

mctlium  can  liavi-  two  kinds  of  influence'  upon  the  dielectric 

strength.  Long  term,  the  prexlucts  of  e:ht;mical  activity  arc 

cumulative  and  detrimental;  approximate'ly,  this  activity 

is  douhlcid  fur  every  10'^  C  rise  in  tennpen'ature.  For  min- 

(u'ul  oils  tins  will  be  exhibited  by  the'  rate;  of  e)xidation.  In 

tlu'  shorter  time  scales,  an  increase  in  Lutnperature  appe'ars 

Lej  rcehiex'  the'  electric  sti'eaiglh  of  liquiels  undeu'  most  sU’e.'SS 

e’oiiditions,  eU',  ae'  and  impulsive;,  e-crtainly  in  the  10  ''  sec  range-'. 

This  is  held  to  bi;  eluc  to  tlie  change  in  le'vel  of  absorbed  gases 

(3) 

with  eihunge'  with  te:mpe;raturc  and  iinek'r  applied  stress.  I’iie 
I'en-inaLion  of  mici‘e)l)ubblcs  upon  Ihc  e'li'e'trode  and  within  the' 
l)ulk  of  flic  I'Juid  is  suggi'ste'd  as  tin'  inilialeu’  of  Ihe  hreakdeTevn 
pre)ccss.  I’his  le.-nels  suppin  l  to  tlu-  gas  breakdown  the;oi'y 
for  lieiuids. 


bxajnplc.s  of  the  U;mpe;rature;  cffee'L  arc  given  in  Figure  5.2 
for  mijieral  oil  under  ac  stre'sses  and  Ifigurc  5.  3  for  impul- 
sivi’  stresses,  in  n-alkanos. 
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log  Electric  Strength  (HV/cn~ 


Figure  5.  1  The  electrode  area  effect  on  the  dielectric 
strength  of  transformer  oil. 


Figure  5.2  The  effect  of  temperature  on  the  brealedown 
voltage  of  transforme  1'  oil. 


l/Tempcrature  (10^  °K"^) 


•  direct  stress  (Lewis  1957) 

+  4,5  sec  impulse  stress 

(Kao  £  High am  1961) 


-  n-hexane 

-  n-heptane 

- - n-decane 


Figure  5.3  Temperature  dependence  of  the  electric 
strength  of  n-alkanes. 
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(2)  Oil  Dicli'of  fic  Losses 

]ji  genoral,  dielectric  losses  are  increased  with  incrc'asing 
temperature  over  the  range  0^-100°  C.  Relative  to  other 
liquids  the  silicone  oils,  or  certain  viscosity  grades  of  these 
oils,  arc  least  affected  by  temperature  change. 

B'igure  5.  4  shows  the  effect  on  mineral  oils  for  a  wide  fre¬ 
quency  range,  B'igure  5.  5  for  askarels  at  power  frequency 

and  Figure  5,(j  for  a  silicone  liquid  SF  96  (40)  over  a  frc- 
2  .  6 

quenc.y  range  10  -10  cps. 

(3)  Lffect  on  DielcH  tric  Constant 

Tliis  [iroperty  is  affected  by  I eniiiurai-urc  change  to  varying 
degrees  depi'iulent  upon  tlie  liipdd.  I'lie  askarels  are  subject 
to  significant  tdiange  over  [u-uelical  ambient  temperature 
range’s,  Figure  5,7,  whorens  the  silicone  oils  show  a  smaller 
percenlage  linear  deci'oase  Ln  «  with  tempci’ature  rise, 

d'liis  change  in  ctui  Ite  iirqxn'lanl  for  impregnation  appli- 
i.:ations  wlu.'re  a  match  of  values  of  e  leads  to  optimum  elee- 
Li’ical  sti'css  distribulions.  B’or  tmergy  storage  applications 
in  general,  the  adverse  effeirts  of  temperature  upon  dielectric 
strength  and  diidc’ct  rie  constant  i-educe  the  obtainable  values 
cd’ energy  density  within  the  store. 


5,  3  .  1 .  3  1 '  n  ■  :;su  I’c 

'I'lie  I  n vi I'onnierital  ))r('.s.4urc  to  which  a  liquid  is  sut)jeeted  has  l)ecn 
found  to  have  r.  I'irsi  oi-dcr  effect  upon  ils  dich’i  tric  strength  from  dc  applic'd 
stri.'Sses  to  tlu;  micror.ceond  range  -  thrt  is, certainly  ovei- the  range  in  which 
tlie  gaseous  (.;onteiit  has  inllucncc’  on  tlr  brealtdown  strength. 
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TEMPERATURE  -"C 


Figure  r).4  The  elTect  of  teinperuiure  on  the  dissipation 
factor  of  a  typical  European  transformer  oil 
over  a  rangt'  of  froquenry  (rps). 


Figure  5.  5  The  power  factor  of  pi  ntachlor  diphenyl 
(1476  Pyranol)  tested  under  3  kV  (30  vpm). 


For  ambients  of  below  atmosphere,  in  the  hundreds  of  microns 
region,  liquids  exhibit  a  form  of  Paschen  relationship.  Figure  5.8;  while 
for  over-pressures  to  many  atmospheres  the  dielectric  strength  increases, 
although  not  linearly.  Figure  5.9. 

There  is  an  important  influence  here  upon  assignable  design 
stresses  and  therefore,  as  for  area  effect,  the  subject  will  be  expanded  upon 
in  the  main  section  of  the  review. 

There  are  other  environmental  factors  which  can  influence  the 
long  cUid  short  term  properties  of  liquid  dielectrics,  such  as  electrode  and 
solid  insulation  materials,  containment  and  radiation  environment.  These 
are  treated  in  reference  (4)  and  other  texts.  They  can  be  important  in 
an  engineering  sense  and  their  effects  will  be  t'vident  in  some  of  the  major 
exi)e  rimontal  woi'k. 

5.3.2  LTootrical  Stress-Time  Effects 

The  electrical  stress  as  a  function  of  time  could  well  be  regarded 
as  an  environmental  factor  for  the  dielectric  media.  For  liquids,  more  than 
for  the  others,  the  nature  of  the  stress  is  of. sueh  significance  that  a  separate 
treatment  is  justified. 

The  interest  lies  in  the  ability  to  assign  reliable  design  stresses 
to  liquids  under  a  variety  of  environmental  conditions  for  electrical  stress 
times  of  thousands  of  hours  (dc/ac)  down  to  times  of  less  than  a  microsecond. 

In  pr.'irtifal  scales  and  conditions,  liquids  can  rardv  be  ('>5- 
tainea  and  retained  in  a  pure  state.  Tliey  are  contaminated  with  solid  par¬ 
ticles,  nnoistur’e  and  tlissolved  gases.  These  <"ontaminants  are  unevenly  cTfec- 
tive  in  reducing  the  dielectric  pex'foi’inance  of  a  liquid  as  the  period  of  stress 
is  varied  over  the  range  of  interest. 

For  dc  or  prolorged  ac  stressing  the  dielectric  strength  of  any 
liquid  is  solely  dependent  upon  the  level  of  contamination.  x\l  the  other  end 
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of  t.!ie  time  scale,  the  single  sub-microsecond  stresses  obtainable  are  inde¬ 
pendent  of  the  contaminant  level,  being  more  dependent  upon  electrode  condi¬ 
tions  and  breakdown  streamer  velocities  through  the  liquid. 

In  between  these  exti-eme  cases  there  arc  difficult  conditions  of 

-5  -4 

long  single  pulse  operation  (10  -10  p.  sec)  and  repetitive  stressing  with 

6  3 

short  pulses  (10  sec  -  10  pps),  for  examples,  for  which  the  level  of  con¬ 
tamination  might  be  influential  in  varying  degrees. 

Figure  5.  10  illustrates  this  stress-time  effect  over  a  largo  range 
of  stress  times.  The  division  of  tlic  technology  is  csscmlially  explained  by  the 
significance  of  contaminants  over  the  sti-css-limi'  rangt;. 

5.  4  Uielcctric  Performance 

Duo  to  the  vai'ying  inlluence  of  coni  aininants  on  the  breakdown 
strength  of  liquitl  dieJectrics  with  changing  stress  time,  it  would  seem  rea¬ 
sonable  to  divide  t'  c  '  Ic;  experimental  data  into  three  categories  -  direct 

stress,  altcrnal.  g  .  -.-id  impulsive  stress.  Such  a  division  docs  not  neces¬ 

sarily  separate  e  'h  m  areas  of  interest  which  exist  in  the  application  of 
liquids  ajui  Ihercti..  re  giv  .s  little  guide  to  the  relevance  of  data  to  specific  de¬ 
signs.  For  example,  experimental  data  obtained  for  liexane  in  small  volumes 
and  under  carefully  controlled  conditions  cannot  be  applied  to  practical  designs. 
These  data  arc  probably  direcicd  to  the  determination  of  a  breaJedown  theory 
for  liquids  anci  are  of  limited  use. 

Tlic  majority  of  data  can  be  separated  into  three  main  areas  of 
interest  and  a[iplication  and  each  of  tliesc  atx'as  exiiibit  different  treatments 
and  requirements. 

(1)  Power  frequency  and  dc  applications  with  associated  impulse 

-5  -  4 

testing  (10  -iO  second  range). 

-9  -  6 

(2)  Low  l  epetition  impulsive  stressing  (10  -10  second  range) 

applieil  to  energy  storage  systems. 
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(3)  Miscellaneous,  small  scale  research  projects. 

High  repetition  impulsive  stressing,  >>  1  ijps,  could  fall  into  cate¬ 
gories  (1)  or  (2),  but  the  little  data  that  exist  will  be  included  in  (2). 

In  general,  the  work  in  category  (1)  has  been  carried  out  in  indus¬ 
trial  research  labs;  (2)  has  been  carried  out  under  government  military  con¬ 
tracts,  stimulated  by  defense  needs  anti  (3)  is  largely  of  university  origin. 

5.  4.  1  Prolonged  Stress  and  Associated  Impulse  Pxporimeiital  Data 

This  quite  distinct  section  of  tiie  technology  has  been  primarily 
advanced  by  RStD  activities  in  the  power  industry.  The  concern  is  to  obtain 
long  term  equipment  reliability  by  tht?  assignment  of  dielectric:  design  stresses 
which  are  also  consistent  with  reasonable  (^quipmcnt  costs  and  routine  main- 
tainencu.  These  design  stresses  must  take  all  environmental  factors  into  ac¬ 
count,  including  the  voltage  'surge'  conditions  which  can  l3C  expc.-cted  in  prac¬ 
tice.  Because  of  this,  it  is  reasonable  to  include  relevant  impulse  testing  data 
in  the  sub-seetion.  The  equii)mcnt,  pulse  specifications  and  motivations  are, 
after  all,  quite  different  from  tliosc  treated  under  the  I’ulsed  Stresses  sub¬ 
section. 

It  is  generally  agreed  that  this  fueet  of  ilielectric  ti-chnology  is  the 
most  complex  and  difficult  to  present  coherently.  The  influence  of  contaminants 
is  strong-  and  any  reasonable  data  must  accrue  from  testing  conditions  which  re¬ 
late  to  contaminant  levels  that  are  economically  obtainable  in  practice. 

'I'here  are  utlier  subtleties  in  design.  The  steady  state  to  impulse; 
strength  must  be  retained  at  tbi-  correct  relative  level.  Witii  extimsive  purifica¬ 
tion  of  the  liquid,  the  economic  temptations  to  raise  the  steady  slate  design 

stress  may  impair  relative  performance  under  impulse. 

(4) 

According  to  Clark,  not  only  are  the  performances  of  all  liquids 
similar  under  [irolonged  stresses  but  also,  with  some  exceptions, the 
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|ii' rtoi'inaiUM.'S  of  liquids  under  allornaling  (  ae  )  and  direct  (  do  )  stresses  are 
comparald  r . 

The  peak  AC  stress  (  ^ x  rms.  for  sinusoids)  is  the  equivalent 
dc  level  with  the  cxccjition  that  a  distinct  polarity  effect  exists  for  flc  stress¬ 
ing, when  higher  breakdown  values  are  obtained  for  a  negative  electrode.  Figure 
d.  1  I  illustrates  this  polarity  effect.  As  a  practical  confirmation  of  this,  for 
large  H.  V.  rectifier  units  a  major  manufacturer  uses  design  stresses  in  oil  of 
100  KV/in  for  positive  polarity  out[)uts  and  150  KV/in  for  negative  outputs. 

It  would  therefore  seem  reasonable  to  use  ac  data  for  di’  de¬ 
signs  taking  the  advantage  of  ...  50%incr(!ase  in  thesi;  breakdown  values  for 
the  negative  electrode  case. 

This  apimoach  is  .suggcjsted  because  thi'  important  publications  in 
I  ho  field  are  mainly  based  on  ae  stressing  and  treat  the  data  statistically,  pro¬ 
viding  the  only  .sound  appi'oach  to  the  selection  of  an  appro|)riate  design  strtms. 

5.  4.  1 .  1  Stressing-- Experimental  Dalu 

The;  basis  for  much  of  the  developing  c;xpi'rimental  data  can  bo 

(7) 

found  by  rei'erenee  to  the  work  of  K.  H.  Weberaiid  IJ.  S.  Endicmtt  .  Automated 
testing  (;quiprni'nl.  wa.s  preijured  to  yield  a  lai-ge  uumbi;r  of  oil  breakdown  data 
for  electrodes  of  varying  ar(;a  both  in  flic;  liori/.ontai  and  vertical  i)lanes.  The 
aims  of  the  investigations  were  stated  to  bo: 

(1)  to  present  a  sufficient  quantity  of  dal, a  for  oil  breakdown, 
undei'  stated  conditions,  for  adc'quatt-  sfatisiieal  analysis; 

(2)  to  analy/.e  the  effi.'ot  of  eha  Leode  si/.e  on  oil  breakdown  for 
unifoi-m  fii.'lils; 

(2)  determine  the  theoretical  distribution  wliicdi  l)esl  fils  tlie  data 
and  derdve  fi-om  it  the  relatioiiohip  of  area  1o  sti-englh. 
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A  foni|ik'i('  tabulation  ol'  the  da'a  is  given  in  Table  5.8  together 
A  I’ll  a  listing  of  the  experimental  conditions  and  electrode  relationships. 

Tiie.'e  (la'a  are  summarized  statislicalij  in  sections  A  and  B  of  Table  5.  9. 
Histograms  of  these  breakdown  voltages  are  presented  in  Figure  5.  12  (a)  with 
smooth  curves  calculated  from  the  modes  and  slopes  given  in  Table  5  9,  sec¬ 
tion  C.  It  is  noted  that  the  positional  effect  of  the  electrodes,  in  this  case 
ljei'..ccu  liorizonlai  or  vertical,  is  insignificant.  Further,  the  skewness  of 
the  oistriljutions  is  noted  to  be  characteristic  of  an  extremal  rather  than  a 
normal,  symmetrical  distribution. 

Area  effect  is  examined  in  detail.  Three  methods  of  eslimaung 
this  '-ffeet  are  pos.siljle: 

(1)  f’liysical  area  effect. 

(2)  Minimum  of  groups  area  effect. 

(3)  Thoorelicai  area  effect. 

Hsiiinates  by  these  llirtte  routes  arc  shovvn  to  be  in  close  agreement  in  I'igurc- 
5.  12  (b). 

The  pltysieal  urea  effc.'ct  (1)  is  obtained  directly  by  le.sting  electrodes 
of  sLgiiirieantly  differetil  areas.  In  Figure  5.  12  (b)  the  modal  values  from  Table 
5.  Ij  (c)  are  ploiu.'d  against  tin;  logai’ilhni  of  the  relative  areas. 

TIk;  estimate;  by  minimum  of  groups  is  mack;  by  sim ultaiieousiy 
leSliiig  diffe  I'l.Mit  numbers  of  identical  electrode  pairs.  It  is  sla'.c’d  as  follows. 

What  is  frequently  rel\;rrod  tt)  as  area  effect  is  the  result  of  a  ser¬ 
ies  of  iiirertniees,  if  K  bi-eakdow  ns  have  bectn  obtaincal  on  a  gap  of  area  A,  and 
m  and  ii  nf’  ntimhi' rs  simh  'hat  N'  =  mn,  thi;n: 

(l)  Taking  the  m  minimum  voltagc-s  of  m  groups  of  n  hreakdouns 
eacdi  is  equivalent  to  connecting  n  such  identical  pairs  of 
t.deci  rotles  (;f  arc;a  A  in  parallel,  and  measuring  the  hroak- 
tlo'-.Mis  of  this  system  m  tunes. 
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Table  5.8  Test  conditions  and  breakdown  data 
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Table  5.8  (Continued) 
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I 


(2)  These  n  hypothetical,  identical  pairs  of  electrodes  of  area 
A  are  equivalent  to  one  electrode  pair  of  area  n  x  A;  and 
the  m  breakdowns  obtained  are  taken  to  be  a  random  sample 
of  breakdowns  for  this  new  area  n  x  A. 

Complete  data  for  minima  of  successive  groups  of  ten  breakdowns 
are  shown  in  Table  5.  9,  section  D,  the  differences  between  the  corresponding 
modal  voltages  of  sections  C  and  D  correspond  to  a  10:1  area  ratio.  The  plot 
in  Figure  5.  12  (b)  shows  the  mean  area  effect  for  the  four  sets  of  data  with 
area  ratios  of  1-10-100-400. 

Figures  5.  13,  5.  14  and  5.  15  represent  the  distributions  of  interest 

(6) 

taken  from  the  data  of  Table  5.8  plotted  on  extreme  value  probability  patter. 

A  theoretical  argument  is  developed  for  a  weak-link  dependence 
of  breakdown  where  the  distributions  are  best  fitted  to  an  exponential,  or  ex¬ 
tremal,  rather  than  a  jiormal  distribution. 

The  work  is  summarised  as  follows: 


(1) 

(2) 

(3) 


The  breakdown  of  transformer  oil  follows  extreme  value 
theory  rather  than  normal  probability. 

The  distributions  of  breakdowns  for  different  areas  are  sini 


ilar  exponential  distribution.s  shifted  .successively  toward 
zero  for  increasing  areas.  Area  effect  is  essential  to  the 
specification  of  dielectric  strength. 

Extreme  value  theory  yields  a  precise  equation  for  predict¬ 
ing  the  breakdown  for  electrodes  of  any  area  in  uniform  field, 
once  the  modal  voltage  and  the  standard  deviation  are  kiiwwn 
fur  any  one  area  in  the  oil  us<>d.  This  relationship  i.s: 


''a 

1  A  1 


where  V  ,  V  are  the  modal  voltages  for  the  two  areas  A  A 

1  ^2  ^  ^ 
b  IS  the  constant  standard  deviation. 

V 
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Figure  5.  13  Breakdown  voltage  distributions  of  transformer  oil 
for  electrodes*  of  four  different  ureas. 


FREQU-ENCY 


Figure  5.  14  Minim a-of-groups  area  effect.  Breakdown 
voltage  distributions  of  transformer  oil  for  minima  of 
successive  groups  of  ten  for  data  of  Figure  5.  13. 
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DISTHIBUIIONS  OF  ;  '  ' 

400  INDIVIDUAL  BRfcAKDOWN  VOLTAGES 
_  40  MINIMA  OF  CROUI’S  OF  TEN 
I  4  MINIMA  OF  GROUPS  OF  ONE 
—i-  HUNDRED  _ _ _ _ 


P  9  95  0?  96 

FREQUENCY 


995  997  998  .999 


Fi^^ure  5.  15  Minima- oi'-groiips  area  effect.  Comparison  of  the 
distribution  of  individual  breakdown  voltages  for  electrode 
irnir  1  with  those  of  minima  of  successive  groups 
of  to  and  100  breakilown  voltages. 


(4)  For  the  particular  oil  used,  a  10:1  increase  in  area  results 

in  a  16%  decrease  in  dielectric  strength  from  the  higher  value. 

The  statistical  arguments  and  treatments  used  in  the  evaluation  of 

these  experimental  data  may  be  best  undetrstood  by  roferemee  to  Gumbel's  col- 

(6) 

lecled  lecture  series  on  the  statistic  theory  of  extreme  values. 

Weber  and  Fndicott  published  in  105G;  fifteen  yf;ars  later  differ¬ 
ences  of  opinion  ozi  the  distribution  of  breakdown  measurements  still  exist. 

( G) 

J.  K.  Nelson  agrees  that  the  ilistribution  of  breakdown  data  will  be  extremal 
undi'i’  the  following  conditions; 

(1)  "Idcalixed"  electi'odes  are  us(;d. 

(2)  Time  effects  are  permitted  lo  influence  breakdown. 

(3)  The  liquid  is  honiugeneous  and  stationary. 

(4)  Tlu'  testing  Icchniijue  is  exatMly  reproducible, 

(5)  'I'hc’re  are  no  ('rrors  of  measurements. 


His  argument  is  that  tliere  will  always  exist  random  envi ronnumtal 
faclor.s  wliich  lend  to  "normalixi;"  tlio  distribution  of  data.  Me  therefore  puts 
the  tiyjzol bests  that  the  proltnljilily  of  bretikdowti  will  be  the  result  of  two  random 
Itroeesses: 

(1)  Bulk  liquid  lireukdown  as  charaeterized  by  a  wt'ak-linlc  con¬ 
cept  liaving  an  extremal  distribution  (skewed). 

(2)  Uandoiii  environmental  error.s  with  an  assumed  normal 
(syimd  rie)  ilislribution. 


dist.ribuliun  he  suggitsts  is  of  hybrit!  form,  the  support  for 

(») 

which  has  beem  at  curnulali'il  frotn  an  experimental  program  in  whicii  the 
liquid  was  optionally  c  irculaled  between  the  electrode  structure.  Figure  5.  16 
illustrates  the  relative  probability  densities  exhibited. 

F.  Sitno^  carried  out  significant  large-scale  tests  of  trans¬ 

former  oil  under  60  cps  stress  conditions.  Doubting  the  statistical  signifi- 
r-ance  of  the  number  of  tests  required  by  ASTM,  B.  S.  (British)  and  V.  D.  F. 
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Th«  hil(ofir4iii  illu^(r^lto^  «(rwnnieninl  UilA  -  O  normal*  aw  m,.|  -**'ni:iiion 

*"•“*“*  ctkuUud  -O-.  -  t>-.  otirvntc-vnlua  •p'.foaimaiion 


Fiffure  5.  16  Breakdown  probability  density  for 
circulating  liquid  subjected  to  20s  step-by-step  test. 


a'n' I'lnaii)  prurcdures  for  measuring  the  quality  of  oil,  Simo  designed 

■in  e>:pt’rLnient  to  evaluate  the  effects  of  electrode  area,  electrc;de  material 
and  oil  treatment  via  thousands  of  breakdown  tests.  There  is  no  disc.-ussion 
of  a  possible  hybrid  form  of  tlie  cumulative  distributions,  the  data  arc  i^lotted 
on  extreme  value  probability  scales  with  tabulated  values  for  the  0.999  and 
0.00  I  [mobabililies. 

The  configuration  of  the  test  equipment  and  physical  properties  of 
ihe  oil  are  shown  in  I''ig'urc  5.  17,  the  tabulated  data  on  Table  5.  10  and  the 
cumulative  (Jistribulion  plots  in  Figure  5.  18. 

A  separate  experiment  to  determine  the  effect  of  oil  treatmcml  on 
the  breakdown  strength  was  carried  out  with  small  volume  and  8.  16  cm  (iiam- 
eler  brass  electrodes.  These  results  arc;  reprodiic-ed  in  Tabic-  5.  11  and  Fig¬ 
ure  5.10. 

The  conclusions  drawn  were: 

(1)  Breakdown  values  depc-nd  on  both  the  oil  and  the  test  condi¬ 
tions. 

(2)  l.liectrude  materials  influence  the  breakdown  values,  brass 
bc.'ing  su[)ei  ic)r  to  aluminum,  for  example. 

ill)  Breakdown  values  are  a  function  of  electrode  area. 

(4)  Brc;akdc;wn  values  did  not  upf^cnir  to  lie  a  function  of  volume. 

The  slatisticai  method  based  on  no  fewer  than  200  tests  is  advo¬ 
cated  for  the  evalualion  of  oil. 

Tlie  interpretat  ni  cjf  Simo's  data  appears  to  be  slightly  eonflieling 
with  tile  conclusions  drawn  by  Nelson  et  from  IlicLr  large  electrode 

area  tests  in  Iransformcji-  cTl.  The  conflicts  arise  in  Liu;  assignment  of  in¬ 
fluences  due  to  dicjlectric  motion  and  volume.  In  any  event,  both  these  test 
data  are  imporlanl  in  that  they  treat  practical  electrode  areas  and  dielectric 
conditions. 

Nelson  c;t  al.  initiated  their  testing  programs  for  electrode  areas 

2 

up  tc;  2  m  undei'  near  uniform  field  conditions  with  the  purpose-  of  providing 
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Table  5.  10  Breakdown  values  obtained 
under  varying  electrode  conditions. 
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Table  5. 10 


(Continued) 
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Fiirufe  5.19  Breakdown  .strengths  under  various  conditions. 


-239- 


practical  detjign  data  for  mineral  oils.  Both  ac  and  impulsive  stress  condi¬ 
tions  were  investigated. 

The  test  vehicle  which  was  in  coaxial  form  with  provision  for  cir¬ 
culating  the  oil  is  illustrated  in  Figure  5.  20. 

In  preliminary  tests  and  using  smaller  scale  equipment,  the  effect 
of  moisture  content  and  time  between  discharges  upon  the  electric  strength  of 
the  oil  were  measured.  These  effects  are  shown  in  Figures  5.21  and  5.22, 

It  is  noted  that  the  electric  strength  of  the  oil  falls  rapidly  with  increasing 
moisture  content  until  the  saturation  condition  is  reached.  Further  inerease 
did  not  appear  to  have  a  significant  influence  upon  the  strength. 

2 

Using  the  main  test  vcdiicle  with  an  electrode  area  of  1.88  5  mm 
and  a  gap  length  of  11,7  mm,  100  breakdown  measurements  were  taken  for 
both  stationary  and  circulating  oil;  oil  which  was  filtered  and  dry  air  saturated. 
It  was  observed  that  the  distribution  of  data  was  extremal  for  stationarj/  oil 
but  that  a  degree  of  normalization  of  the  data  occurred  with  movement  of  the 
dielectric  which  was  proportional  to  its  speed.  (Typical  55pt>ed  range,  3-4 
mm/second).  The  influence  of  circulation  is  illustrated  in  Figure  5.23  where 
the  data  are  plotted  on  both  extreme  value  and  normal  paper;  Table  5.12  gives 
a  tabulation  of  the  distribution  indices.  Accompanying  the  change  of  distribu¬ 
tion  an  increase  in  llie  mean  breakdown  strength  wa.s  obtained  with  circulation. 

It  was  observed  that  the  relative  effect  of  eircuialing  the  oil  was 
strongly  ilependent  upon  temperature,  see  Figure  5.  24,  and,  for  still  oil,  the 
gas  content  was  im]xn-tant.  Simo  also  noted.  Figure  5.  19, that  the  relative 
performance  was  dependent  upon  the  quality  of  the  oil,  therefore  a  designer 
should  be  cautious  in  the  expectations  of  improvetl  dielectric  performance 
through  liquid  circulation.  In  most  equipments  the  liquid  will  be  in  motion 
due  to  convection  of  heat.  For  practical  electrode  geometries,  complex  thei-- 
mal  gradients  will  often  exist  which,  together  with  the  difficulties  of  precisely 
defining  the  electrical  stresses  prevailing  at  ail  points,  make  a  number  of 
tliese  elaim.s  academic. 
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Figure  5.20  Sectioned  view  of  large  electrode  system 
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Figure  5.24  Kffect  of  nature  of  gas  in  solution 
( supply  -frequency  voltages). 


The  papcT  further  deals  with  impulse  testing  data,  to  be  treated 

later,  arguments  for  a  volume  rather  than  an  area  effect  upon  tlie  liquid  hreak- 

dowti  stresses  and  more  discussion  of  tlie  cumulative  probability  distributions. 

For  tlie  latter,  it  would  seem  advisable  to  accept  an  extremal  dis- 

(7) 

tribution  for  it  is  shown  by  Weber  and  Endicott  --Figure  5.  25- -that  this 
gives  a  safer  estimate  of  the  size  effect. 

5.4.  1.2  Impulsive  Stresses- - ifclevant  to  Equipment  Tc-sting 

Under  longterm  opi'ration,  power  ('quipment  is  periodically  sub¬ 
jected  to  abnormal  surge  stresses  which  may  be  associated  with  switching 
transients  or  atmospheric  disturbances.  Equipment  must  bt;  designed  to  sur¬ 
vive  those  sporadic  extremes  with  the  aid  of  arrestors,  supprt.’ssors  and  other 
protective  devic._s.  Knowledge  of  the  dielectric  performance  under  these  ini- 
pul  live  conditions  is  Hicreiore  as  necessary  as  knowing  steady  state  perform¬ 
ance. 

Tests  ur(’  performed  using  pulses  of  standard  anipliiudes  rclalive 
1.0  Hr.  normal  equipmeni  working  voltages  anti  of  slamlard  shape  and  durations 
uliich  arc  reasonabl}-  represtmi  at  iv<  of  tin-  exjjci  i  ml  surges. 

The  st.jLndard  impstisc  for  USA  and  Canada  is  the  1.5  x  40  lasee 
waveform  and  the  Iiiternational  Standard  is  1.2  .x  51)  |,isec. 

Tlie  I”  IS  no  siguificaiit  performtinei'  difference  between  thesi‘  wave- 
fo^ms.  The  usual  iinpul.se  lc>vul  lor  power'  equipmeni  is  4-5  times  the  peak 
line-lo-;;round  voltage.  B’igure  5.26  illustrates  the  impulse  and  defines  the 
riselimc  and  duration. 

5.4.  1.3  Experimental  Kesults 

It  is  e.’.nphasized  by  inatiy  workers  lhal  tlie  expe rimetital  results 

ol^taiiicd  I  ivi;  a  significant  dependence  upon  the  preparations  and  test  pi'oeed- 

in'es  adoiilcd.  Less  frequently,  the  significance  of  much  of  tlie  accumulated 

(11) 

I'.p.M  U)  I'r  u'ti'-al  aj)piicaLiijns  is  queslinned.  Mancox  and  Trop[)t'r  in  their 
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Figi-iix-  5.26  Impulse  waveshapes. 


ri'poi'tecl  impulse  testing  with  an  oil  medium,  show  sensitivity  to  both  matters. 
These  workers  carried  out  impulse  tests  up  to  500  kV  using  mostly  2/60  p  sec 
pulses  between  electrodes  of  2-7  cm  diamete'^  with  gaps  of  less  than  1  cm. 

They  refer  to  three  testing  procedures,  two  of  which  they  adopted 
for  their  experiments: 

(1)  Normal  testing  technique:  The  application  of  a  series  of 
impulses  of  increasing  magnitude  until  breakdown  occurs. 

TT  ^12) 

Harrison  has  suggested  that  the  assigned  impulse  strength 
under  this  testing  procedure  is  optimistic, 

(2)  The  Sorenson  technique:  First  impulse  is  greater  than  re¬ 
quired  for  breakdown.  Successive  pulses  are  reduced  and 
the  last  breakdown  level  is  recorded.  This  is  shown  to  re¬ 
veal  lower  breakdown  strengths  for  the  medium  than  would 
the  normal  testing  technique. 

(3)  The  first  impulse  technique:  Similar  to  normal  technique, 
except  that  the  value  of  the  first  impulse  of  each  successive 
series  is  progressively  increased  and  the  first  breakdown 
on  the  first  pulse  of  a  series  is  recorded.  This  technique 
yields  comparable  results  to  the  Sorenson  technique. 

The  relative*  results  of  normal  and  first  impulse  testing,  using 
6.  25  cm  diameter  electrodes  with  2.  5  mm  gap,  are  shown  in  Table  5.13  and 
a  plot  of  B/D  voltage  against  gap  setting  is  shown  in  Figure  5.  27.  It  is  seen 
that  the  first  impulse  technique  yields  ~25%  lower  breakdown  levels  than  the 
normal  technique. 

The  phenomenon  of  "conditioning"  is  (Uscussed  and  a  serious 
question  is  raised- -should  the  initially  low  breakdown  data  be  rejected? 

Since  operating  high  power  systems  cannot  normally  be  "conditioned"  the 
inference  is  ihat  the  "ijreconditioned"  data  may  be  of  prime  importance, 
i'igure  5.23  illustrates  the  typical  "conditioning"  effect  obtained  by  Hancox 
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Table  5.  13  Dependence  of  electric  strength  on  testing  technique 
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Figure  5.  27  Variation  of  breakdown  voltage  with  gap  setting. 
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Breakdown  Strenglli^  kVVem 


Breakdown  Number 

Bi’ass  elecdi’odes,  6.25  can  diameter,  2.5  mm  gap 

I'igur'i'  5.28  'I’he  cunilitioning  effect. 


and  Tt’oppnr.  Il  can  be  assumed,  unless  there  are  statements  to  the  contrary, 
that  the  breakdown  data  provided  by  the  great  majority  of  workers  have  been 
obtained  after  the  "conditioning"  process. 

These  workers  note  the  existence  of  an  electrode  "area  effect" 

and  no  "volume  effect".  The  strengths  corresponding  to  electrode  diameters 

(13) 

of  6.25  cm,  2.5  cm,  and  13  mm  were  75.0  kV/mm,  99.0  kV/mm  and  145.0 
kV/mm  for  the  1/50  ^sec  impulse. 

(8) 

Nelson  et  al.  ,  in  the  impulse  testing  section  of  their  tests,  the 
ac  part  of  which  has  already  been  treated,  have  followed  the  work  of  Hancox 
and  Tropper  in  providing  an  estimate  of  the  probability  of  breakdown  on  appli¬ 
cation  of  the  first  impulse.  The  results  are  summarized  in  Figure  5.29  in 
comparison  with  transformed  data  from  the  normal  technique.  The  value  of 
the  work  by  Nelson  et  al.  is  that  it  provides  a  direct  comparison  of  power 
frequency  and  1/50  p,sec  impulse  data  taken  from  the  same  test  bed.  The 
areas  arc  orders  of  magnitude  greater  than  for  Hancox  and  all  tests  were  car¬ 
ried  out  with  gas-saturated  oil,  a  condition  most  likely  to  prevail  in  practice. 

The  results  confirm  the  work  of  Enriicott  and  Weber  in  that  the 
"area  effect"  is  found  to  be  the  same  order  for  impulse  as  for  power  frequency. 
Table  5.  14  gives  the  relative  performances  of  50  cycle  and  1/50  psec  im¬ 
pulse  voltages  for  varying  electrode  areas  and  gap  spacings  and  Figure  5,30, 
the  relative  performances  as  a  function  of  stressed  volume. 

In  the  discussion  il  is  noted  tha.t  movement  of  the  dielectric  has 
no  influence  upon  the  pulsed  strength  of  the  liquid  and  it  is  suggested  that  other 
thermal  and  mechanical  processes  which  influence  50  cycle  performance  are 
still  influential  in  the  1/50  |_tsec  time  scale,  x'esulting  in  comparable  size 
effects  and  relatively  low  impulse  ratios  of  1.5-1. 8.  In  summaiy,  it  is  sug¬ 
gested  that  contamination  in  the  form  of  gas  bubbles  and  solid  particles  is  a 
controlling  factor. 

In  the  jjLilse  duration  range  useful  to  industrial  testing  there  is  a 

(14) 

Ijody  of  work  which  has  been  performed  for  the  USAF  weapons  simulation 
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Fifrure  5.29  Ogive  curves  for  first-impulse  testing  technique. 


Table  5.  14  Electrode 
power-frequency 


gap  and  area  effects  for 
and  surge  vrjitages. 
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01 
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0  78 
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0  631 

11-5 

104 
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0-22 
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23-6 

0-49 

3-45 

0-211 
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9-9 
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impulse  strength. kV  pk|cm  electric  stength,  kVcms. 


Figure  5.  30  Volume  effects 


The  work  is  interesling  since  it  represents  an  extension  of  tech¬ 
nique  and  data  analysis  used  in  those  Government  programs  which  are  mainly 
concerned  with  the  short  pulse  performance  (  ^  1.0  ^sec)  of  energy  stores. 

As  such,  it  forms  a  bridge  between  the  technology  of  this  section  and  the  one 
which  follows  on  pulsed  stresses  in  low  duty  cycle  equipment. 

In  this  program  the  strength  of  oil  was  investigated  using  parallel 

2 

plane  electrodes,  both  coated  and  uncoated,  of  areas  in  the  range  600  cm  - 
2 

3600  cm  ,  with  applied  exponential  pulses  having  e-fold  times  in  the  range 
60-130  |j,scc.  The  electrode  coatings  were  acrylic  or  epoxy,  the  bare  elec¬ 
trodes  aluminum. 

The  intent  of  the  program  was  to  find  the  dependency  of  the  mean 
bi'eakdown  field  strength  (f)  upon  electrode  area  and  pulse  length,  (f)  was  de¬ 
fined  as  the  field  intensity  at  which  50%  of  the  tests  caused  breakdown.  In 
general,  the  following  relationship  was  found: 

-- ^O.OOil  J-A  ^  (6) 

where  -r  is  the  e-fold  time  in  microseconds 

2 

A  is  electrode  area  in  cm 
f  is  kV/cm 

K  is  an  arbitrary  constant 

The  results  of  these  experiments  are  shown  in  Figure  5.31  for 
bare  electrode  area  relationship  at  a  fixed  pulse  duraiion  and  in  Figure  5.32 
for  the  time  dependence  for  coated  and  bare  electrodes  with  several  areas. 

It  has  been  the  general  experience  that  little  long-termed  advan¬ 
tage  is  to  be  gained  by  the  coating  of  electrodes;  although  the  idea  has  not 
been  rejected  and  techniques  by  no  means  exhausted. 

In  side  exp(>ri.ments  il  was  found  that  within  the  temperature  range 
of  eO-lOS*^  F,  no  [lereeptable  eliange  in  f  took  jjlaee.  Generally,  the  oil  is 
staKsl  ttj  be  "clean"  and  typically,  for  this  field  Interest,  one  can  assume  that 
I  he  oil  was  given  little  treatment. 
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3.4.2  IiTipulsive  Stresses- -Low  Duty  Cycle  Equipment 

Government-sponsored  programs  have  provided  the  major  part  of 
the  design  information  treated  in  this  section.  Contributions  have  been  made 
by  service  laboratorieSj  university  groups  and  private  industry  in  the  USA, 
sometimes  in  joint  action  with  UK  agencies.  The  prime  interest  is  in  the  in¬ 
sulation  properties  of  liquids  under  pulsed  stresses  of  a  few  microseconds 
and  less.  Such  conditions  exist  for  the  transient  storage  of  energy  within  the 
electric  field  between  electrodes  of  various  areas  and  geometries. 

There  are  significant  differences  in  equipment  requirements  and 
dielectric  behavior  which  distinguish  this  technology  from  power  frequency 
technology  and  the  like. 

(1)  System  duty  cycles  are  low- -typically  a  few  applied  stresses 
per  minute. 

(2)  Equipment  lifetime  is  often  measured  in  thousands  of  " shots" - 
or  the  acceptable  mean-time-to-failure  may  be  of  that  order 
or  less. 

(3)  Dielecti’ic  behavior  is  almost  independent  of  solid  contamin¬ 
ation  levels. 

(4)  The  effective  stress-time  to  breakdown  is  strongly  influ¬ 
enced  by  interelectrode  streamer  velocities  under  condi¬ 
tions  where  the  propagation  time  for  these  breakdown 
streamers  is  of  the  same  order  as  the  pulsed  stress  dur¬ 
ation. 

Whereas  for  prolonged  stressing  claims  could  be  made  that  the 
performances  of  all  liquids  are  similar,  for  this  short  impulsive  mode  all 
liquids  do  not  perform  equally  and  the  search  for  a  liquid  with  a  high  value 
of  e  combined  with  superior  dielectric  strength  is  valid. 

Much  of  the  material  presented  for  impulsive  stresses  is  low 
duty  cycle  equipment  essentially  divided  into  two  parts: 
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tl)  TIk-  work  ol'  J.C.  Marlin  and  his  team  at  AVVHK,  Aldcr- 
niaston,  in  which  simple  voltage  genei-ators  and 

eievtrode  structures  have  been  used  to  provide  i  lie  maxi¬ 
mum  of  design  data  and  relationships  which  can  be  econom¬ 
ically  obtained  in  a  laboratory  environment. 

(2)  Liurge  electrode  area  work  carried  out  in  US  facilities 

which  was  associated  with  the  design  phases  of  large  pulse 
power  systems.  This  work  can  be  regarded  as  a  verifica¬ 
tion  of  the  AWRE  work.  Certainly  the  trt.alment  of  th('  data 
is  tlic  same. 

5.4.2.  1  AWHll  Teehniqiies  and  I^rograms 

Before  presenting  the  AWRE  work  some  background  information 
is  noeessury  to  a  balanced  understanding  of  its  broad  scope. 

The  limited  objective  at  AWRE  was  to  provide  design  data  for 
[luised  generators,  with  particular  emphasis  on  the  efficient  storage  of  energy 
within  lliese  generators. 

The  keys  to  successful  accomplishment  of  these  goals  lay  in  the 
provision  of  easy-io-operate,  small  pulse  genei’ators  and  cheap,  quick  method 
of  manufacturing  useful  lest  electrode  shapes.  These  [jcrmitted  rapid  exper¬ 
iments  in  liquid  dieleetries  at  significant  voJtagi;s  and  with  relatively  large 
spaeings  which,  comhined  with  tlie  inherent  sculler  in  liquid  breakdown  re¬ 
sults  (typically  10%),  produced  useful  resulls  without  the  significant  costs 
of  formally  engineered  lest  systems. 

I'ur  lhei;aiTy  experiments,  cliarging  gtmerators  of  the  pulse  trans- 
formei-  type  wio'c  used.  These  worked  in  the  voltage  range  of  1. 0-3.0  MV, 
handling  energies  of  ~1  kJ.  Marx  generators  were  used  to  study  the  larger 
voiumc.s  of  liquid  with  energies  to  50  kJ.  The  1-Cos  tyjje  waveform  generally 
used  was  considered  lo  be  a  fair  representative  of  the  stress  conditions  for 
;nosi  practical  pulse  charged  systems. 


The  test  electrodes,  which  are  often  expensive  and  difficult  items 
for  a  dielectrics  program,  were,  in  some  cases,  simply  fabricated  by  form¬ 
ing  copper  sheet  over  wood  forms.  The  advantage  of  this  construction  was 
that  the  copper  was  driven  into  the  wood  at  a  discharge  site  to  form  a  smooth 
profiled  pit.  This  allowed  the  electrodes  to  bo  used  for  many  discharges  be¬ 
fore  recovering  was  necessary.  This  pragmatic  approach  to  electrode  con¬ 
struction  was  typical  of  the  procedures  used  . 

An  experimental  ativantage  to  using  large  electrode  spacings  was 
that  simple  optics  could  be  used  to  study  the  ijreakdown  processes.  Open 
shutter  photography  was  often  used  in  conjunction  with  a  vultagt;  clipping 
point-jjlane  gap  so  that  time- resolved  informatioji  on  thi;  gr'owlli  of  the  bi’cak- 
down  streamers,  or  bushes,  cuultl  be  obtained. 

As  a  I’esult  of  llu'se  teeluiiques,  AWKM  formed  an  (.‘arly  eonvic-- 
tion  of  tlic  possibility  of  a  breakdown  model  based  on  a  strearncr  mechanism; 
at  least  in  the  tiini;  scale  of  0.  I- 1.0  p,sees,  Tlie  ol)Si! rvations  inuiJe,  altliough 
not  published,  were  usecl  internally  to  guide  experimemts  and  to  provide  t'Sli- 
mates  of  breakdown  conditions  whei’c  (;xpt;rinu‘nts  were  not  possible. 

It  is  tcnlatively  suggest<.'d  by  tills  group  lliat  breakdown  initiati'S 
on  very  small  whiskers  on  Itie  mcta.1  electrocie  surfaces- -  accounting  for  tlu; 
inherent  scatter  of  liquid  breakdown  data  and  the  small  influence  of  the  macro¬ 
scopic  finish  of  the  eiectrocies.  With  an  aijpJied  field  ihest'  field  enhanced 
surfaces  emit  current  and  heat  the  liquid  locally.  Of  the  possible  consequences, 
it  is  favored  that  tlie  temperature  rise  rc’duces  the  surface  tension  to  a  low 

enough  value  for  a  bubble  to  form.  This  micro- bubljle  then  elongates  in  the 

-  5  - 4  -3  -2 

electric  field  from  its  initial  dimension  of  10  -10  cm  to  10  -10  cm 

length  in  highly  ellipsoidal  form.  At  this  length  a  streamer  can  propagate 
from  the  pointed  tip  of  the  bubble  which  contains  ionized  gas.  The  streamer 
then  moves  with  a  velocity  which  is  characteristic  of  the  medium  and  the 
applied  voltage.  For  typical  breakdown  fields,  it  has  been  estimated  that  the 
electrostatic  pressures  causing  the  elongation  of  the  bubble  were  about  30- 
100  atmospheres  and  that  the  elongation  could  be  damped  by  a  liquid  viscosity 


in  the  order  of  a  megapoise.  This  notion  was  verified  experimentally  by  re¬ 
ducing  the  tcmpera-'uro  of  various  liquids  until  this  viscosity  range  was  ob¬ 
tained.  A  dramatic:  increase  of  dielectric  strength  was  obtainccl  with  a  signif¬ 
icant  decrease  in  the  time-dependence  o!  breakdown. 

It  is  concluded  tliat  the  difference  bed  ween  liquids  and  solids  as 
dielectric  media  is  a  viscosity  of  about  a  megapoise.  It  is  claimed  that  this 
model  can  account  for  a  pressure  effect,  since  an  applied  pressure,  of  the 
order  of  tlic  electrostatic  pressure  at  tlic  whisker  lip,  can  inhibit  the  hydro- 
dynamic  phase. 

Throe  methods  ai'c  suggested  for  improving  llic  dielccltlc  str'cngtli 
of  a  liquid  by  iiihihiting  the  liydrodyimmic  pliase; 

(1)  A  liigli  viscosity  layer  (coating  or  cooling). 

(2)  External  prc.ssure. 

(3)  Heduciiig  tlie  larges!  whiskers  by  t:otulLl  ioning. 

With  respect  to  file  latter,  it  is  Ihouglil  that  the  area  and  time  dc- 
peniieiicies  of  breakdovsn  can  lie  <li-astic ally  reduced;  tlie  .standard  tleviations 
of  lireakdown  data  reducing  fi'om  die  norma)  ~10'!'>to  n, 

5,4.  2.  2  Streamer  I h'ottagation  and  Ihmc  Dependence- 

Much  of  tlie  initial  worl-t  which  load  to  tlie  Icntativ"  theories,  des- 

(15) 

cribed  in  tlic  previous  sub-sectioii,  wa.s  perfurnuai  by  Herbert.  This  work 

was  concerned  with  obtaining  integral  rc-latioiisliip.s  ft^r  the  mean  streaim-r 
velocitie.s  in  several  eoininon  liqiiiils  as  functions  of  tlie  applied  voltage  and, 
in  some  casc.s,  time  of  the  applied  voltage.  Herbert  usetl  needle-to-ball  elec¬ 
trode  geometries,  so  that  the  streamers  would  be  initiated  very  early  in  the 
applied  waveform,  and  generators  which  could  apply  square  type  pulses  as 
well  as  the  1-Cos  type  waveform.  Applied  voltages  were  in  the  megavolt 
range  and  pulse  durations  ^-0.5  ^sec  and  ~5t)  nsec.  An  analysis  of  his  re¬ 
sults  with  coefficients  of  correlation  are  given  in  Table  5.  15.  He  noted  that 
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Oil,  positive 
Oil,  negative 
Cax’bon  i  etrachloride , 
Carbon  tetrachloride. 
Glycerine,  positive 
Glycerine,  negative 
Water,  posilive 
Watei',  negative 


Table  5.  15  Streamer  velocities. 


positivt' 

negative 


V  =  (!)0  4  12)  V 


1. 75  +  0.  12 


V  =  (21  +  5.  5)  V 

V  =  (  IGb  28)  V 

V  =  (  HU)  +  2‘J)  V 


t. 28  +  0.  15 
1.88  4-0.15 
1.7  1  +0.  ID 
,0.  55  +  0.08 


V  =  (41  +  I . 5)  V 

VI =(8.8*0,.) 

V.''"  =(I0  *0.28, 


V  is  niea.surecl  in  ein/mii-roscM  ond.'-; 

V  is  measured  in  nn'gavolis 

t  is  measured  in  inic rosecoiuis 


tho  niran  velocities  were  proportional  to  the  applied  voltage  and  not  to  stnnss 
at  the  electrodes.  It  is  suggested  by  the  first  three  results  that: 


—  _  d 

^ff 


where 


=  mean  velocity,  cm/  p,  see 


d  =  gap  spacing,  cm 

V  =  applied  voltage  in  MV 

1  .,  =  effective  stress  (iim; 
eil 

anti  n  lies  hetwoen  1.2  and  l.B 

d'he  effeclive  stress  lim.,'  depends  upon  the  value  assigned  to  n. 
For  a  square  voltage  i)uise,  the  elTeelive  time,  l  is  ol)viously  the  time  of 
the  whole  pulse  to  breakdown.  For  ptdst's  other  than  square,  is  rtoi  ob- 
vious--in  prartice  it  is  some  fuiietion  akin  to  1-Cos  for  whieh  we  niusi  define 


Lei  the  a|;pli.t'd  voltage  be  a  ramp  function,  which  is  reasonal)iy 
close  to  1-Cos. 


AV" 

dt 


=  AV‘^ 

t  ,,,  m  ax 

elf 


V  =  kt  (as  defined) 


=  Ak"  / 
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I 


ir  n  =  1 , 
a 

'I'llib  'it; 

dc.’lKMl'll, 


w  Ilf  r('! 

showed 
For  n  = 


,11  11+ i 

d  -  A  — -  1 

n+1  max 


(12) 


d  =  _012;^  AV“ 


n+1 


max 


(1  .S) 


I 

m  ax 
*'eff  n+1 


(14) 


,5  (within  llu:  siij^pcstt'il  r■nnp(■  1.2- 1.8),  tlieii  1  =  0.4  1  ,  or,  for 

ell  max 

,  measured  from  G0%  of  V  to  V 

max  max 

llei'hori's  itefinition  of  I  is  the  lime  of  OH"!)  V  to  breakdown. 

eft  ^  max  ^/s 

linilioii  ul  I  sicmis  irom  iIk.'  orijjinal  AWKF  estimates  ol  a  t  time 
,'iu  e  lor  11  =  1.5, 


d  8/2 

-  O'  V 


(15) 


eti 


(16) 


,,2/3  -l/,3 

'■  \,1T  “ 


(n) 


i-'  i.s  ihc'  .stre.s.s,  MV/  cm . 

'Fhe  data  from  latei'  experiments  usintf  larmier  eJeelrode  geometries 
that  a  much  better  fit  could  be  obtained  by  a  [lower  law  of 

3; 


ell 


(18) 


t 
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O' 


(19) 


F  t 


1/3 


,-2/3 

f! 


For  this,  t  =  0.  25  t  ,  or  t  should  he  moa-sured  i'rom  --,-75%  V  to 
elf  max  elf  max 

breakdown. 

It  was  reco^inized  that,  from  experimental  evidence,  t^  should 
be  taken  at  the  ~75%  level  and  not  from  (>3%,  as  originally  defined.  However, 
it  was  less  confusing  to  aecepi  the  latter  since  only  a  10%  change  of  [jrodictcci 
breakdown  level  was  involved  foi:-  times  in  llie  range  0.  1-1,0  ^.scc.  Crewson 
supports  the  validity  of  this  judgment  in  a  very  thorough  c^xcimination  of  Martin's 
definition  of  the  "effective  sti’oss  time". 

The  appai'i'ut  elect  iXKic?  Spacing  depend<'nr('  (d)  should  not  be  weightcnl 
with  too  imu'h  significance  at  this  point  foi-  subs(..'quc?nt  exfie rimc.'nts  show  a  rather 
weak  relalionsiiip. 

It  can  be  appreciated  tliat  Herbert's  t;xpoi'iinenls  contril)Ut(-’d  much 
to  a  general  undei'.sl andiiig  of  tlio  sul)Jeet  and  to  the  derivation  of  subsequently 
well-used  relationships  for  stress  and  lime. 

I’lots  of  mean  streamer  velocities  against  applied  voltage  are  shown 
for  several  liquids  in  t''igurcs  .5.33,  5.34  and  5,35.  It.  will  bi'  noted  lliat,  in 
general,  there  ari:  distinct  polarity  effects,  that  is,  the  velocities  for'  the  pos¬ 
itive  stiH.-amer  (tlie  strt.'amer  initialing  from  the  -t-ve  electrode)  and  the  nega¬ 
tive  streamer  (the  streamer  initiating  from  tlr?  -ve  electrode)  are  not  equal. 

For  the  particular  ease  of  water,  the  positive  stremmer  is  faster  than  t’ne  neg¬ 
ative. 


5.4.  2.  3  Figures  of  Merit  fur  V.arions  Liquitls 

As  [;reviously  stated,  the  ability  to  store  electrical  energy  be¬ 
tween  electrodes  at  t!ie  highest  densities  is  a  major  interest  in  this  lime 
regime.  This  impiims  that  liquids  of  high  dielectric  constant  (e)  and  high 
dielectric  strengtli  are  interesting  candidates.  In  a  series  of  exj)erimental 
programs  which  were  closely  directed  to  the  development  of  the  energy 
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stores  I'or  pulse  power  systems,  J.C.  Martin  and  his  co-workers  at  AWlilJ, 
\ldermaston,  England,  provided  much  of  the  basic  data  and  many  of  the  re¬ 
lationships  which  are  currently  used  in  this  field.  The  development  programs 
associated  with  large  US  projects  have  confirmed  and  augmented  Martin's 


work. 


(17) 

In  an  exploratory  phase,  Martin  assigned  figures  of  merit  to 


a  selected  number  of  liquids  for  energy  storage  applications.  T'hese  figures 
were  assigned  via  breakdown  tests  performed  under  a  common  set  of  condi¬ 


tions. 


where 


The  relation  to  whicii  tlic  breakdown  voltages  were  fitted  was: 


t  =  K 


F  =  the  breakdown  stress  in  MV/cm 

t  =  the  effective  stress  time  or  time  of  the  pulsi-  above  63%  of 


peak  amplitude 
K  =  a  constant 

4/3 

The  figure  of  merit  tabulated  was  e  F  ,  which  is  [n'o[)ortional 
to  the  energy  stored  per  cc  at  breakdown  stress  for  a  C(mslant  charging  time. 

Table  5.16  gives  the  listing  of  ll.e.se  figures  of  merit,  from  which 
one  can  appreciate  the  potential  importance  of  water  and  otlier  high  dielectric 
constant  liquids. 

5.  4.  2.  4  AWIfE  Data  and  -St  r(.;.ss  liela!  ionships 


The  liquids  which  an-  o[)e rationally  ami  economically  acceptable 
are  not  numerous.  'Flic  Aldermaston  team  have  proviiled  data  for  low  s,  oil; 
medium  e.  Ethylene  Glycol  and  high  e,  deionized  water. 

(1)  Transfoi’mer  oil:  Smith^^^*^  of  AWRE  has  reported  break- 

tlown  data  for  unprocessed  transformer  oil.  The  experiments 


where 


and 


were  carried  olii  for  a  wide  range  of  electrode  areas,  v\ilh 
uniform  and  nonuniform  fields  and  with  fast  and  reled ively 
slow  pulse  generators.  The  data  arc  fitted  to  two  relation¬ 
ships; 


,1/2  -1/4 
'Id 


1'  and  t  are  as  previously  defined. 
(I  is  electrode  spacing  in  cm. 


(2  1) 


1< 


(22) 


k  is  an  area  depondunl  constant  in  both  casms. 

figure  5.3(5  gives  these  plots  against  area,  the  full  lines 

are  bast;d  on  all  uniform  field  <-xpei’iment  s  and  the  bi'oken 

lines  on  fast  pulse  data  only.  On  i  h<!  whoh'  t  hc‘  fit 

is  preferretl  and  tliere  i.s  spei  ulali(;n  that  the  cl  de|)c.'ndence 

might  b(.‘  as  low  as  d*^^. 

(19) 

(2)  Idthylene  glycol:  Smitli  ha.s  tc'steil  this  medium,  aitliough 
mucli  less  e.xlensively  tlian  I  ra n.sf'oi'me r  oil.  On  the  Im.'^is 
of  sparse  data  tlie  assum|)lion  i.s: 


Ft^^^  =  k  (23) 

'Flic  negative  assymetidc  field  data  is  nutec,!  to  have  a  higher 
value  of  k  and  to  show  little  ai-ea  effect.  Figure  5.  37  .^hows 
a  plot  of  tlie  results. 

(3)  Deioiiized  water:  Because  of  the  high  figure  of  merit  assigned 
to  water  as  an  energy  storage  medium,  the  work  done  with 
this  medium  has  been  extensive  and  international.  Smith^^^^ 
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7  The  effect  of  electrode  area  upon  the 
breakdown  strength  of  etln  lene  glycol. 


and 


where 


has  again  contributed  substantially  with  experiments  in  this 

medium.  ^Experiments  were  carried  out  for  a  wide  range 

of  electrode  areas  and  effective  stress  times.  In  the  dis- 

1  /3 

cu.ssion  of  the  data.  Smith  concludes  I  hat  Ft  =  k  is  a  rc?n- 
sonable  approximation  and  notes  the  sti'ong  polarity  effeci 
exhibited  by  water  under  asymmetricalfield  conditions:  ttjc 
negative  electrode  giving  approximately  twice  the  value  for 
c:onstant  k.  The  point  is  made  that  the  reiationshijj.s  obtained 
in  Herbert's  work  witli  point-point  and  point -to-plane  gaps 
should  apjjly  in  .some  form  to  the  plane -[)lane  gaps.  It  is 
reeogni'/.ed  that  tlie  breaktiown  is  associated  with  the  estab¬ 
lishment  of  a  streamer-initialing,  tlireshold  field  and  tiiu 
velocities  of  these  streamers  when  moving  between  tite  elec¬ 
trodes  under  an  applied  voltage.  .Smith  makes  estimates  of 
tills  threshold  field  for  vaidous  electrode  geometries,  (see 
i'igure  5.3i3),and  concludes  that  for  long  gaps  with  high  volt¬ 
ages  the  streamer  transit  lime  inust  be  dominant  over  the 
initial  hulible  formative  time  and  ttial  it  is  under  these  con¬ 
ditions  that  water  Ijecomes  outstandingly  attractive  for  enttrgy 
storage.  The  relationships  for  uniform  field  and  negative 
asyinnielricui^^^  field  are  plotted  against  area  in  l'’igure  .5.  39. 
Thus 


eonslaiit--uniform  fiekl 


(24) 


- =  eonslant--negative,  asymnu't rical  field  (25) 

a 


a  is  a  measure  of  the  asymmetry 

=  1  +  0.  12(F  /F  -1)^'^^ 

max  mean 
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Figxire  5.  38  Area  effect  for  deionized  wate 


Smith  notes  that  data  obtained  by  USSlt  \vcjrkc,>rs  for 
small  areas  and  gaps  is  in  essential  agreement  (Figure 
5.40),  and  he  also  observi-s  that  the  higher  values 
shown  for  the  smaller  length  gaps  confirm  AWRF  exper¬ 
ience  for  liquids  other  tlian  water. 


5 .  4 .  2 .  5  Summary  of  AW  111:1  Programs 

Martin^ summarizes  the  outeome.s  of  AWUF  liquid  dielectric 
programs  in  his  overview  of  nanosecond  pulse  lechniquns. 

Generally,  any  finish  less  than  gross  roughm.’ss  of  electrode  sur¬ 
faces  is  unimportant;  solid  impurities  and  additivcts  to  tht:  liquid  media  have 
little  effect  ui^on  pulse  breakdown,  in  submicrosocond  timrs. 

l''or  uniform  fields  the  breakdown  field  is  apijroximatod  by: 


(26) 


where  F  is  in  MV/ cm.  t  in  psec,  and  A  is  llu'  electrotle  urea  in  square 

centime  le  rs. 

The  values  of  k  for  the  various  liquids  arc  given  as: 


Transformer  oil 

k  =  0.5 

Water  -  Uniform  field 

k  =  0.3 

Negative  asym.  field 

k  =  0 .  6 

Methyl  and  ethyl  alcohols 

k  =  0.  5 

Glycerine 

k  =  0.7 

Castor  oil 

k  =  0. 7 

For  point  or  edge-plane  conditions  mean  streamer  velocities  are  given  for 
voltages  10'^- 10^  V  by: 

v=d/t  =  k'»  (27) 


-276- 


Nsin're  v  is  in  cm  jjer  iisec,  V  is  in  MV 

Table  5.  17  gives  values  of  k  and  n  for  three  liquids.  Velocities  for 
water  are  as  given  by  tlerbert  (Table  5.  15). 

An  additional  relationship  is  given  for  oil,  in  both  polarities,  for 
the  1  MV- 5  MV  region: 


-  .1/4 

v_|^  d  =  80  V 


(28) 


5.4.2.  6  US  Experimental  Data  for  Large  Areas 

Although  tlie  work  of  Martin  et  al.  has  provided  most  useful  rela¬ 
tionships  for  the  engineering  applications  of  liquid  dielectrics  under  single 
pulse  mode,  very  extensive  support  for  dielectric;  programs  tias  been  pro¬ 
vided  by  US  Government  agencies  and  laboratories.  In  particular,  the  Defense 
Nuclear  Agency,  the  Air  Force  Weapons  Laboratory  and  the  Naval  Research 
Laboratory  have  sponsored  or  carried  out  significant  programs. 

(24) 

In  the  development  program  for  a  large  pulsed  system  S[3on- 
sored  by  DNA,  some  of  tlu'  aims  were  stated  as  follows: 

(1)  To  investigate  the  time  dependence  of  breakdown  in  oil, 

(2)  To  establish  the  effect  of  oil  contamination. 

(3)  To  cstabiisli  the  effect  of  electrode  surface  finish. 

(4)  To  estalilisli  the  effects  of  temperature. 

(5)  To  investigate  the  effects  of  surface  coatings. 

(6)  To  investigate  surface  flashover  of  oil-solid  interfaces. 

The  experiments  were  carried  out  with  relatively  small  scale 

2 

planar  electrodes  of  approximately  4  ft  and  large  scale  coaxial  electrodes 
2 

of  900  ft  area. 

At  the  outset  of  the  report  on  this  work,  the  meaning  of  the 

effective  stress  time,  is  discussed.  Additionally,  the  importance  of  tlie 
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Table  5.  17  Streamt'r  velccities. 


V  =  d/t  =  kV'"* 

Where  v  is  in  centimeters  per  microsecond  and  V 
is  in  MV.  Values  of  k  and  n  for  transformer  oil  and 
two  otlior  liquids. 


k4 

D 

- 1 

n- 

oil 

90 

1.79 

‘1 .28 

c.arboii  totrauhiorido 

160 

1.63 

166  i  1.7'1 

plycorinc 

41 

0.99 

91  I  1.^9 

dielectric  testing  method  is  stressed.  In  experiments  where  the  riseti.me  of 
the  applied  pulse  is  fixed,  t  can  be  varied  by  a  factor  of  3  or  more  by  apply¬ 
ing  different  levels  from  the  pulse  charger;  the  higher  input  will  lead  to  more 
rapid  breakdown.  This  point  is  illustrated  in  Figure  5.41.  It  is  apparent 
that  the  general  wave  shape  varies  with  level  under  these  conditions. 

A  preference  is  expressed  for  a  testing  mode  where  the  break¬ 
down  is  observed  in  the  same  "phase"  of  the  pulse,  independently  of  level. 

Thus  the  breakdowns  will  all  be  recorded  at  peak  volts  or  G0%  of  peak  volts. 

To  accomplish  this,  at  each  testing  level,  compensating  reactances  must  be 
placed  between  the  generator  and  the  energy  store  under  test. 

For  the  first  tests  reported,  using  planar,  aluminum  electrodes 

it  is  claimed  that,  by  acioi:)ting  the  latter  testing  method,  a  smaller  time  de¬ 
l/3 

pendence  than  t  was  obtained.  The  results  plotted  in  Figure  5,42  cer¬ 
tainly  show  less  than  a  third  power  dependence  and  it  is  claimed  that  Ft^^^ 
or  Ft  '  equal  to  a  I'onstant  would  be  a  better  fit.  On  the  other  hand,  similar 

test  procedures  using  planar,  steel  electrodes  yielded  a  mucli  closer  fit  to 
1/3 

Ft  equal  to  a  constant;  see  Figure  5.43. 

Tlie  results  with  planar  electrodes  in  oil  are  summarized  as  follows: 
"The  time  dependence  of  the  breakdown  Htreiiglh  of  oil,  in  uniform 
fields,  could  not  be  uniquely  described  but  was  always  'weak'.  Time  de¬ 
pendence  was  less  in  clean  oil,  or  conversely,  the  oil  condition  was  more 
important  for  long  jnilsus.  Tlie  sti'ongest  time  dependence  observed  was  in 
proportion  to  tlio  inverse  cube  I'oot  of  time.  Other  results  were  more  con¬ 
sistent  with  tlie  inverse  sixtli  root  of  time". 

For  tlic  large,  coaxial  experiments,  results  for  which  are  shown 
plotted  in  Figure;  5.44,  the  experimenters'  comments  are  as  follows; 

"The  I’esults  fit  an  equation  of  the  form  Ft*^  =  C,  wliere  n  was 
1/3,  or  less,  in  all  eases.  The  most  proper  test,  in  which  the  charging  in¬ 
ductance  is  varied  and  comparison  is  made  of  breakdowns  at  the  saine  'phase' 

(jn  the  waveform,  gave  an  exponent  for  t  of  1/4  to  1/5,  With  fixed  Marx 
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^:!o-.va  st  L't'u^th  ot  uLi  with  a  steel 


Short  pulse 


(UIO/AW)  PTfJTj 


iiuliR-t aiici.'  (fixed  risi'lime),  the  deuendence  on  t  for  short  chargine  ‘inr 

eff 

v.as  siniiiar.  With  long  charging  times,  the  exponent  oft  eonlo  veil  h  jvi  been 

1  ,  /•!  ^24) 

as  niurll  as  I  /  a. 

The  designer  should  not  he  confused  Ijy  the  argumems  on  tul 

lesting  meihods.  The  testing  me' hods  adopted  should  always  relate  n  'he 
oiK'raling  (-onditioes  of  the  pulse  s\stem  under  design,  F'u i-i  in'r,  it  siems 
safe  to  adopt  a  t^^  ^  deiiendence  for  design  puri)r>ses,  since  'lU'  work  Oi  WVKE 
is  reas(ir.abl}  eonfirmed  foi-  large  <vieet  rode  an  as. 

Side  experiments  in  this  lesiing  series  are  summariz'd  as  foviows: 

(1)  I'diiish  on  electrode  surfaces  'was  noi  crit'ca 

(2)  A  iem[>or:il II rc  vo ri ol  ion  ol  15*’  C  irom  a'lii’ien’  cia  not 
effc'cl  resuh's 


Ui) 

Fffects  of  solid  eontainiiiani s  could  onlv 

1)1  'li'tf’l  1  ed 

iiiring 

f' 

the  small  scale  expi 

i'nent  -  t'his  ", 

.11  1  :  i  bu1  (  (  '  I 

.  '  he 

pi-actieal  diffleuitii  s 

•'  m‘oe(  Ssrig  1  age 

volun.'"^  o 

'  cluid . 

(4) 

ITastic  coating  ol  'lie 

1  Jc'  '  1  Ol  le  ■  im  1 ) !'( n  ' 

I'll  til"  ValU' 

■  1  tlic 

constaiil  by  10-15%. 


Major  engineering  applications  oi  n  ioni/.i  o  wan  r  as  a  oinsed 
dielectric  have  been  undertaken  at  uic  US  Nava-  llc'scn'ch  I  dioratorv.  In  a 
Final  F'leclrical  Uesign  Heport,^^^^  a  c  oniprclu  nsive  svsti'm  ‘  sign  tor  ne- 
ionized  water  is  [iresenleci  based  on  Martin's  ndationships  for  time'  and  area 
dependence.  Refined  relationships  used  arev 


(1)  J''or  breakdown  due  lo  si  reamers  from  positive  eiei'rooe 


(2')) 


(2)  I'or  breakdown  due  to  streamers  fi'om  i.lie  nimativ'  ■  '  v  i  rocie 


-2H5- 


=  0.579  A--""" 


(  ^ll) 


where  F,  I  anti  A  are  as  previously  defined 

and  o  is  a  field  enham-enienf  faeo  r 

where  e  =1  +  0.  12  (K  /F 

max  mean 

By  the  careful  eon1  rtj]  of  the  iiiaxinuiin  fields  wifliii.  maeluni  'ler- 
trocie  .struclurea  .so  ihal  they  w<'re  .■  n  .jct-irdaiue  with  values  sii^jf^es' eci  ov 
these  relationship.s,  satisfaetory  r(  li.,iliiliiv  wa  obtained. 

4.2.7  Keptdifive  I’nlsiiip 

The  forcy'fjing  ha.s  I  i-eal  o  'hi  s'lr  a;  ijulse  strcntitli  ot  'cj  m  ■ 
when  the  fonnatiun  and  propagation  oi  .si'eun.eis  are  determining  l  i  ’ters. 

For  repetitive  pulsing,  streamei'  g  -uw'i-  t.ui.vi  not  be  euniulai've  atv  h. w.-- 
lore  the  assignable  sLre.s.s  niusi  in  ri.n  o.i.-..ci. ,  .  J 

Th('re  is  not  inuch  guiding  inferinution  for  these  eonditions  a, id  it 
would  seem  to  be  a  suitable  loiiie  tor  future  progi-ams.  Anieei/*"^^  <,  arrleU 
out  experiments  to  15  pps  in  various  gr<ades  of  oil.  He  carried  out  a  prelim¬ 
inary  selection  of  oils  and  oil  treatments  at  a  .fined  repetition  rate  of  0.  3  pps 

wi’.h  near  sinusoidal  pulses  at  1  --1.0  j,.see.  These  results  are  shown  in 

eil 

Table  .5.18.  Tests  were  then  carried  out  in  the  selected,  treated  oil,  at  in¬ 
creasing  repetition  rates.  Tlu.'. results  ot  these  tests  are  .shown  in  Figame 
5.45.  In  the  course  of  the  tests  degradation  of  the  oil  occurred  and  it  wa.s 
noted  that  there  was  a  tendency  for  ilie  alignment  of  carbon  partieies-  ,is 
w'ould  happen  for  dc  and  ac  aigdii  ution. 

lleJaLively  small  scale  tests  ha\'e  been  carried  out  with  f.luoi  o- 
(27) 

carbon  liquids  at  250  pps  --a  repetition  rale  of  interest  for  raciar.  \\  M-ub 
constant  frequency,  the  effect  of  gap  spacing  was  evaluated  at  one  pulse  dur¬ 
ation  (Figure  5.  46);  also  at  one  gaj'  spacing  the  pulse  duration  was  varied  to 
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Tabl(.'  5.  Ui  Brcakcn;wn  viiJ'a^e  (  V p^)  lor  varicn-; 
Lransl'oi’nu'r  oils  ti  different  inilial  s. 


V  y  =  r’»rea]<dnvn  Voli-''gt  ‘■>1 

Gulf  Trauiicrest  0/ 

V'_.,  =  Breakdown  Vollaj^r  of 

Esso  UnLvolt  33 

V  4  /  ,  =  B)  cakriown  A^oUac'.'  of 

'  Esao  Special  Marcol  42/46 


Initial  Stale 
of  Oil 

^B62 

Vg33  (kV/c.m) 

'’B42/46 

Crude 

370  +  20 

430  ±  20 

410  i  ,^0 

Filtered 

370  ±  20 

430  ±  20 

410  1  n 

Pumped 

595  ±  30 

475  ±  26 

sot)  •  ;5 
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(’.I'n’troclc'  yap,  ntni 

Viu'ialic..  i'l  (  si  v\  th  I'lcrt  .'(><1 

t  iilsc-lop  liuruliot)  •  2.8.,  s 
lit'pi't  il  ion  ri  nqunni  x  2.'3C)  |)uls'-/.s 
ri'inpi  Tat  n  I'o  -  20'’  C 
O  1M=1 

-1-  1  P2 


ij^uro  a.  41)  .'^t  I'c  npl  1 1  ol  '  ioums  nnilor  I'oinii 


'  (l''iL;ui'i'  5.47).  Two  liuc'foc^ vboti  iquid^-  wer'  'ested,  'hi  t-vi  >  cU'd 

i  haraoUM-ist ic  for  which  are  -n  Tabli  5,  19. 

It  is  concluded  thai  a  rc-dutdion  m  electric  strttngth  of  25% 
suited  from  a  gap  increase  of  0.  1-2.0  rnm,  or,  as  the  pulse  duration  ■v\  s  in¬ 
creased  from  0.4-16  a  secs. 


5.  4.  2.  8  Liquid  I'erformancc  Under  1'  essurization 

It  is  evident  that  workers  in  the  USSR  have  long  accepted  '  u.'  aii 


vantages  of  pressurizing  liquid  dielectrics. 


(28) 


Publication  of  work  cone  at 


Hirniinghani  University,  Liigland,  indicated  that  the  electric  slnmgth  of  trans¬ 
former  oil^^'^^  and  pure  hydrocai'bon  liquids^^^^  are  depenrient  upon  hyi'ro- 
statLc  i)res.sure  over  the  range  5  min  Hg  to  350  psig, 

Stressing  the  signifii'ant  advantages  which  may  lie  gained  u  '  he 

transient  storage  of  energy,  USSR  workers  have  made  recetu  cTaims  h  i  sup- 

(31  ) 

porting  stresses  of  700  kV/cm  in  deionized,  pressurized  water  for  pim- 

iods  of  10-15  microseconds.  In  these  experiments,  water  was  pi'cssti  i/ed 

,  2 
to  150  atmosphei'cs.  I'or  an  assumc-’d  electrode  area  of  ~  l.O  em  ,  tti  is 

3-4  times  the  stress  which  could  be  predicted  for  almosplte rue  water  a'lil,  in 

lerms  of  energy  stored,  an  order  of  magnitude  increase.  It  is  ci.uiner  iliat 

ort.'SSLirizalion  of  a  liquid  significantly  affects  the  initiation  and  gr-naHi  a' 

lireakdown  streamer’s. 

Por  pulses  in  the  microsecond  range,  one  ean  eNUunitu  t  t'c  (■•'Suii'-- 
(32) 

of  Kao  and  McMuth.  These  workers  periormod  tests  wiilt  oils,  ini  asuj’ing 

time  to  tji  eakdown  anti  electric  strength  for  different,  rales  uf  applied  si  r’r-,s 
over  a  pi’essure  I'ange  of  0-200  [isi.  The  experiments  were  eondiuii at  vi’l' 
spheric. li  i.'hM’li'udes,  2.0  cm  diameter,  ~0.  1  cm  gap  spacing  aiKl  .im  ;riv 
rising  pulses.  Theii’  results  for  transfoi’mer  oil  are  shown  m  I'iguee  5.48. 
Using  Mai’tin's  relationships,  the  data  may  bt  written  i 


,.0 


(one  atmosphere  pressurization) 


(30) 
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Viii'ialion  in  cii.'t.'iric  strength  with  pulse-top  (lu'uiioii 

liepel  i 1 1' jii  I'requeiicy  =  250  pulse /s 
lOleel  I'ocif  ipueing  =  1  mni 
'retnpeiuUiM'e  =  20*^  C 
O  i  pi 

■f-  hJ'2 


f 

i 

I  l■'lgu^e  5.47  Sirenglli  ul  l'’t'eonh  under  ri'[)ettt  Lee  pui.--' 


I 


I 


j 


i! 


I 


) 

I 


I 


Table  a.  !!■  Physical  properties  of  the  freons. 


Liquid  iyp< 

PPI 

PP2 

Chemical  formiilu 

C6F,4 

R 

--7*^  14 

Boilin.c  point  at  latni,  ’C 

57 

76 

Dens  it  at2TC. 

1  -695  X  10^ 

l-788.<  1(1' 

Viscosity  at  25  ’  C,  mVs 

0-39x10 

0  88  x10  '' 

Molecular  weight 

338 

1  350 

1 
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•  PrpfHsiu’e  0  Psitf  X  I'rc.ssure  200  Psig 
J'vl(.;c;trodos  -  2  cm  SS  Sp)iL‘res;  Gaj)  0.001.  cm 


lO'  !02  10^  (O'* 

RATE  OF  RISE  OF  ELECTRIC  FIELD,  KV/CM/OS 


Figure  5.48  Preasure  effect  in  oil. 


=1.45 


(14  ai.m<Jtiphi- fc  pressurization) 


(using  previous  definilions  of  '  and  assumed  stressed  are  a 
2 

~  1 . 0  cm  ). 

Ii  can  be  seen  lhal  for  t  of  1  u.sec,  there  is  a  50%  increase  m  .Jicicctt-i , 
sti'ength  and  lor  1  of  10  .j,sec,  the  gain  is  2. 

At  this  time  ilie  Air  fore-  Weapons  Laboratorv  is  sponson  .  fur- 
Ihur  programs  for  pressurized  liquids. 


5.  5  Theory  of  Breakdown 

Although  there  is  no  uruqutij  acceptt'd  theory  oi  or'f  .ikoov'.  n  .■> 
liquid  dielectric  media,  there  is  a  wide  acceptance  of  an  initia'ing  fiild-  m- 


liunced,  or,  field  emission  process. 


(11,  33,  34,  35,  36) 


Manv  Uiyrkcec 


contributed  in  this  search  for  a  theory  through  investigations  of  ■  onc.uc’ance 

( 5) 

currents  and  electron-ion  mobilities  undcM'  various  dielectric  '  nviron 
mental  conditions.  Small  volumes  of  pure  liquids  have  bc'en  used  n, 
to  approach  the  intrinsic  i)r<;perties  .v:.th  a  l'•ecdom  frein  the  mask  •  i  ei'i..ris 
of  contaminants. 


Watson's  work  on  the  onset  of  thermtil  breakdown 


'  -Ml  \.'nc 


provides  a  convincing  analysis  of  wlia'  he  calls,  the  "New  Thermal  iVIoci'  .. 

It  is  claimed  that  high  mean  current  densities  cKist  in  liquids  at  fieuis  i  lu-c 

to  breakdown.  These  currents  originate  at  the  tips  of  asperities  on  'he  .  dh- 

ode  surtace  due  to  the  field  emission  pro'-ess,  providing  cue  .n  n  i  tioiis 

which  could  lead  to  the  vaporization  ot  small  vontnies  of  the  liquiu  m  mu  ro- 

sucond  lime  diiraliuns.  Local  discharges  wilhm  these  low  slrength  volumes 

of  vapor  couJd  lead  to  breakdown  in  thi'  intendectrode  vuiume. 

Through  estimates  of  the  spaco-charge -limited  eurrent  •  roni  ' 

point -p  ane  afjproximation  and  tlie  'oeaJ  field  at  a  reasonaole  cathode  raoiiis, 

ii  is  sliowh  ttia'  adequate  power  can  exist  for  local  boiling  of  the  lujuid.  The 

6  3 

■'•■qui puwi-f  density  of  5  x  10  waits/im  is  ck.imcd  to  be  consis’en.  with 


iia  fi  I  V  r 


adii  (;f  ~0.  4  microns.  The  propagation  of  the  oreakdown  Vo 
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'lu'sc  localized  volumes  of  high  power  density  is  claimed  to  be  via  high  velo¬ 
city  sti'eaming  of  the  liquid  away  from  these  cathode  points.  It  has  been 

{ 37) 

shown  that  ion  drag  forces  can  promote  an  efficient  pumping  process  for 

(38) 

these  streamers.  Streaming  due  to  plasma  effect  and  heating  have  also 

neon  suggested  to  explain  observed  and  calculated  velocities  in  thi’  range 
3  4 

'0  -10  cm/second.  If  a  streamer,  or  filament  of  vapor,  has  enough  nergy 
TO  propagate  across  the  gap,  or  a  majoi  portion  of  it,  complete  breakdown 
can  be  expected  through  the  low  strength  vapor  or  heated  liquid  column. 

It  is  obsc-rved  by  other  workers  that  this  model,  or  something 
similar  to  it,  is  consistent  with  the  effects  obtained  by  pressurization  -  -  a 
raising  of  the  boiling  point  and  pressurization  of  the  vapor  resulting  in  higher 
elocti’ic  r-jlrengths  for  tho  liquid. 

Workei’S  in  the  USSR  have  observed  these  breakdown  mechanisms 

(3!t,  40,  41) 

and  have  shown  growth  processes  using  high  speed  photography 

which  are  consistent  with  the  general  contemporary  understandings  of  liquid 

dielectric  bcliavioi'. 
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SECTION  6 
SOLID  DIELECTRIC 


G.  1  Introduclioji 

Solid  insulation  is  expensive  and  not  self-healing.  At  high  voltage, 
a  punoUit'o  failure  is  ralasti'ophic.  This  partly  explains  why  the  electrical 
power  industry  makes  use  of  air  insulation  for  the  bulk  transmission  of  elec¬ 
trical  power  at  high  voltages.  Underground  caltles  (papc't'/oil  or-  high  pres¬ 
sure  gas  insulated)  ai-t;  used  when  other  circumstances  dictate  the  choice  e.g. 
in  cities.  Tlu;  desig'iK.-r  normally  attempts  to  ktrop  tlu-  quantity  of  highly  stressed 
solid  insulation  to  a  minimum  by  reducing  the-  number  of  suspi.-nsion  points  and 
increasing  tlie  Jengih  of  the  Insulator  string. 

Where  it  is  necessary  to  reduce  the  spacing  bt'Uveen  high-  and  low- 
voltage  electrud((s  or  conductors,  the  designer  turns  to  high- vacuum,  high- 
]n-essure  gas,  insulating  liqtiids,  solids,  solid/ high-pressure  gas  or-  solid/lLquid 
insulation.  'L’ypieai  npplicutions  where  this  need  ai'ises  iiu-ludc-  underground 
cable,  high-voltage  I  raiisformers,  switchgear,  capa<  ilor-s,  power  supplies  and 
pulse  generators  (particularly  of  the  low  inductance  type-).  Uvem  where  vacuum, 
gas  or  liquid  is  the  main  insulant,  solid  dielectrics  ure  requiri'd  for  supporting 
the  high  voltage  st  i-ucturi'S.  l-Tashover  and  tracking  ai-e  tlu-n  usually  the  im¬ 
portant  faclors  affecting  clearances. 

Tile  tht.’oretical  electric  slr-englh  of  solid  dieim-trics,  based  on 
ionization  and  bond  breakage,  is  very  much  higher  than  tiiat  of  other'  nredia, 
and  re[;orlcd  intrinsic  strengths  (measured  under  i  losidy  eontr-olled  conditions) 
fall  in  the  ruuge  2  to  20  MV/cni.  Opei-aling  stresses,  however,  ar-e  usually 
om;  or  two  orrler.-;  of  magnitude  iovver  than  this^^^  (Table.  G.  l).  Li  this  respect, 
(.'h.'etrical  insulation  rloes  not  differ  from  matcr-ials  used  fur  tluUr  structui-al 
ljro|)(-i-ties  win? re;  llie  design  stress  is  far  removed  from  the  uieehanicai  in¬ 
trinsic  slrc-ngth.  in  principle,  the  reason  for  both  the  same --the  [Ji'esenci- 
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Table  6.  1  Typical  working  stresses  in  practice. 
(IVhitehead^^b 


Material 

Paper  impregnated  withoil  or 
compound  at  normal  pressure 

As  above  but  at  200  psi 

Capacitor  paper,  oil  impregiiated 

Capacitor  paper,  wax  impregnated 

Rubber,  pvc 

P  olyethylene 

Porcelain 

Mica  -  stacks 

-  single  plates 


Crest  Value  of  Working  Stress 
70  kV/cm  ac 

150-220  kV/cm  ac 

150-220  kV/cm  ac  and  dc 

100-200  kV/cm  ac  and  dc 

30-40  kV/em  ac 

100-150  kV/cm  ac 
50  kV/ cm  ac  HF 

5-20  kV/cm  ac 

150  kV  /  cm  ac 
300-500  kV/cm  ac 
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o'"  dL'lects  whicli  give  rise  to  scatter  in  strength  results  and  an  ensuing  "area" 
or  "volume"  effect.  More  will  be  said  about  this  later. 

Frequently,  other  properties  of  the  dielectric  are  more  imi^ortant 

than  the  dielectric  strength,  for  example:  cost,  compatibility,  mechanical 

properties,  Ihermal  properties,  processability,  and  electiical  properties  such 

as  loss  angle.  Table  (i.b  provides  a  convenient  checkiisi.  when  assessing  the 

(2) 

suitability  of  several  materials  for  a  particular  application.  For  example, 
jnany  excellent  plaslics  are  seriously  affected  by  mineral  oil  or  themselves 
degrade  demiiu'rali'/.isl  water. 

It  is  obvious  tliei'cfure  that  great  care  is  necaled  m  selecting  the 
solid  dielectric  for  a  jiarticular  application,  especially  at  liigh  voltage.  Envir¬ 
onmental  and  mechanical,  fathers  alone  may  eliminate  an  otherwise  attractive' 
material.  Due  considt' ration  must  be  given  to  expectetJ  life,  material  and  pro¬ 
cessing  costs,  normal  and  abnormal  stresses  on  the  systeni,  and  factors  of 
safety.  ,The  real  cost  td'  failure  will  al'fect  the  rcliabiliiy  specified.  Having 
selected  a  matcM'ial  the  dosignei'  must  talte  care  with  the  electric  field  configura¬ 
tion,  particularly  at  uoiiuniform  field  regions  and  solid/liqiiid ,  solid/gas  and 
solid / vacuutn  into :'f ace s . 

'Ihj  prodtice  rai  cffc.-ctive  design,  the  engint'er  should  be  aware  of 
the  mechanism.s  of  brealtdown  and  the  factors  which  affci  i  breakdown.  Tlu'se 
are  discussed  in  laler  sections.  Finally,  a  word  of  warning;  ASTM  test  figmres 
for  solids  are  of  littJi*  value  Iti  the  designer.  The  small  spread  in  strengths 
for  a  wide  range  of  maierial.s  obtaineil  by  this  tost  method  emi)hasizes  the  fact 
that  materials  slnmld  be  evaluated  under  conditions  closely  simulating  those 
expei'ienced  in  pi  ;ietit:i.’,  with  due  allowance  for  area  and  volume  effects. 

6.2  Breakdown  Mechanisms 

Solids  usually  break  down  due  to  one  of  the  following  meclianisms, 
acting  singly  or  in  c:ojnbination  (see  also  Table  6.3). 
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Table  6.  2  Properties  of  interest  for  insulating  materials. 
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Tahlu  6, 

B reakdown  Mechanism 
Intrinsic 

Electromechanical 

Tracking 

Partial  discharges 
Thermal  instability 
Electrochemical 


3  Breakdown  processes  in  solids. 


Comment 

Material  disruption  due  to 
electron  processes. 

Forces  resulting  from  olectro- 
slatie  field. 

Conducting  cliannels  forming 
on  the  surface. 

Discharges  in  non- solid 
region.s,  c,  g.,  voids. 

Heat  generation  rate  due  to 
losses  ext;eeds  dissipation  rate. 

Increase  in  (.'hemical  activity 
due  1o  electric  field. 
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Intrinsic 

Electromechanical 
Tracking  or  surface  breakdown 
Partial  discharges 
Thermal  instability 
Electrochemical  deterioration 


The  final  collapse  of  voltage  is  usually  intrinsic. 


6.2.1  Intrinsic  Breakdown 

Intrinsic  breakdown  of  solids  is  generally  assumed  to  be  electronic 

(3  4  f>) 

in  nature,  and  cither  of  the  avalanche  or  collective  electron  type.  ’  '  ' 

(6  T ) 

Cooper  ’  discusses  these  and  some  of  the  difficulties  in  intrinsic  strength 
measurements.  Early  attempts  at  measuring  intrinsic  strengths  showed  a 
variation  of  strength  with  thickness.  However,  by  taking  care  with  the  elec¬ 
trode  edges  and  reducing  thermal  effects,  intrinsic  strength  was  found  to  be 

almost  independent  of  thickness  and  electrode  material.  Techniques,  using 

(8) 

recessed  electrodes  or  high  quality  cncapsulants,  have  replaced  the  earlier 
disc  shaped  specimens  and  curved  electrodes  which  were  limited  by  the  elec¬ 
trical  strength  of  the  surrounding  medium.  For  example,  test  stresses  were 
limited  to  100  kV/cm  in  air,  500  kV/cm  in  oil,  3  MV/cm  in  high-pressure 
gas  and  15  MV/cm  in  distilled  water.  The  use  of  pulse  voltages,  with  break¬ 
down  occurring  in  less  than  a  few  microseconds,  has  reduced  thermal  and 
surface  flashover  problems.  However,  some  materials  exhibit  reduced 
strength  under  fast  pulse  conditions;  this  is  believed  due  to  the  absence  of 
electric  stress  relieving  which  can  occur  on  dc  and  slow  pulse. 

Intrinsic  strength  is  associated  with  the  physical  structure  and 
temperature  of  the  material.  Above  a  critical  field  strength,  free  electrons 
are  accelerated,  increasing  their  number  in  a  runaway  manner,  leading  to 
catastrophic  failure.  Free  electrons  will  always  be  present  in  solid  dielec¬ 
trics  due  to  imperfections  and  impurities,  thermal  effects,  radiation  absorp¬ 
tion  and  field  omission.  In  gases,  the  energy  loss  mechanism  for  electrons 


bi'low  the  breakdown  stress  is  based  on  inelastic  collisions  with  the  gas  mole¬ 
cules/  kinetic  energy  being  converted  to  excitation.  In  solids,  due  to  the  band 
structure,  excitation  and  ionization  are  almost  the  same.  The  energy  loss 
mechanism  for  free  electrons  below  the  breakdown  stress  is  based  on  molec¬ 
ular  vibrations. 

Tables  6.  4  and  6.  5  show  some  values  of  measured  intrinsic  strength 

for  several  common  insulating  materials. 

(9) 

Artbauer  has  investigated  some  factors  which  prevent  the  attain¬ 
ment  of  intrinsic  electric  strength  in  polymeric  insulation.  In  particular, 
increasing  size, and  time  at  stress, reduce  the  measured  breakdown  stress.  Sam¬ 
ple  data  fit  extreme  value  theory  betterthan  normal  or  log-normal  distributions. 

6.2.2  Electromechatucal  Breakdown 

The  electrostatic  pressure  exerted  by  the  applied  field  on  the  dielec- 
2  2 

trie  (0.  5  €^E  n/m  )  causes  mechanical  strain.  At  any  dielectric/dielec¬ 

tric  or  dielectric/motal  interface,  this  electrostatic  pressure  puts  the  surface 
in  tension.  Should  this  exceed  the  tensile  strength  of  the  material  it  will  fail 
mechanically.  For  structures  where  the  dielectric  supports  the  electrodes, 
the  electrostatic  pressure  compresses  the  maloidal.  Materials  with  low  elas¬ 
tic  modulus  can  be  thinned  considerable  even  to  the  point  of  mechanical  failure. 
The  effect  is  more  pronounced  at  temperatures  approaching  the  softening  point. 
Polyethylene  is  an  example  of  such  a  material  and  mechanically  initiated  break¬ 
down  usually  occurs  at  temperatures  above  40^  (bee  Figure  6.  1.) 

Fava^^^'  working  with  polyethylene,  concluded  that  electromechanical  failure 
occurred  at  elevated  temperatures  when  a  dc  stress  was  applied.  The  impulse 
strength  was  only  slightly  reduced. 


Table  6.4  Electric  strengths  of  various  polymeric  organic 
materials  measured  at  or  near  ambient  temperature  (Cooper^^'^b 


Polymer 

Epoxies 

Voltage  Type 

Electrical  Stri-ngth 
MV/cm 

dc 

5-9 

Polyethylene 

dc 

5-8.7 

Polyethylene 

dc  crest 

7.9-9. 4 

Polystyrene 

dc 

5. 9-6. 7 

Luc  it  e 

dc 

9.8 

Polypropylene 

ac  crest 

8.0 

Nylonite 

ac  cx’est 

6.  b 

Polytetrafluoroethylene 

ac  crest 

>8.8 

Polyethylene- 

dc 

5.9 

Terephthalate  J 

ac  crest 

5.  5 
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Table  fi.  5  Intrinsic  strengths  of  organic  poK-meric  materials  (McKe 
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Extruded  film.  60  Hz 


TEMPERATURE  “(C) 


Figure  G.  1  Electrical  breakdown  of  some  polymeric  materials. 
Polar:  A,  polyvinyl  alcohol;  B,  polymethyl  methacrylate; 

C,  chlorinated  polyethylene  (8%  chlorine);  nonpolar; 

D,  polystyrene;  Ej  polyethylene.  (Reference  Mason  (10)). 


6.2.3 


Tracking  or  Surface  Breakdown 

Solid  insulation  may  fail  by  surface  breakdown  which  can  be  of  two 
types,  tracking  and  flashover.  Tracking  consists  of  the  formation  of  a  conduct¬ 
ing  path  (usually  of  carbon)  on  the  surface.  Surface  flashover  is  a  breakdown 
in  the  gas  (or  liquid)  along  the  surface;  it  is  therefore  a  gas  (or  liquid)  dis¬ 
charge  phenomenon  and  has  been  discussed  in  detail  in  Section  4.  Unlike  track¬ 
ing,  flashover  does  not  necessarily  permanently  impair  the  dielectric  surface, 
although  it  may  be  eroded.  Tracking  is  essentially  along  term  process  usu¬ 
ally  starting  as  an  ionic  conduction  current  in  the  insulation,  or  developing 
from  surface  deposits  or  damage  caused  by  nearby  discharges.  Conducting- 
channels  usually  form  as  the  current  concentrates  due  to  local  variations  in 
the  surface.  Semiconducting  films  can  bo  used  to  reduce  this  effect  some¬ 
what  by  grading  the  surface.  The  alternative  is  to  choose  surface  treat¬ 
ments  which  provide  good  insulation  and  are  discharge  resistant  and  hydro- 

(12) 

phobic  o.g.  silicone  and  antilrack  varnishes.  Billings  has  shown  that  the 
tendency  of  polymers  to  fail  by  tracking  depends  on  the  chemical  structux  e. 
Teflon,  for  (.'xample,  is  extremedy  good  on  liolh  dry  and  dust/fog  type  tests. 

In  general,  polymers  based  on  aromatic  compounds  or  with  weakly  bonded  or 
easily  oxidized  chains,  arc  susceptible  to  track  formation.  Aliphatics  tend  to 
be  more  track  resistant,  cxc:cpt  where  side  chain  losses  occur,  as  for  exam¬ 
ple  with  polyvinyl  chloride.  Cycloaliphatic  epoxies  tend  to  fail  by  erosion 
rather  than  tracking. 

Polymers  which  do  not  track  under  normal  conditions  are  those 
wliich  give  off  volatiles  and  thereiorc  erode.  Any  carbon  formed  is  normally 
amorphous.  For  example, polymethylmethacrylate  decomposes  by  chain 
scission. 

The  Dust  Fog  Test  (ASTM  D2132-6T)  is  used  to  compare  mate¬ 
rials  as  to  their  suitability  for  outdoor  insulation.  Billings  gives  the  follow¬ 
ing  figures  for  a  surface  one  inch  long,  coated  with  a  saline  contaminant  and 
expos(.‘d  to  artificial  fog.  Test  voltage  is  1500  volts. 

1 
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The  numbers  in  parenthesis  are  the  hours  to  failure  when  tested 
as  described  above.  Polytetrafluoroethylene  (600),  Polypropylene  (191), 
Perspex  (Methylmethacrylate)  (162),  Pol3'-ethylene  (33),  PVA  (1.0),  Poly¬ 
styrene  (0.9),  Polyvinyl  Chloride  (0.3),  Polycarbonate  (0.3).  Nylon  ranks 
low  under  track  tests. 


6.2.4  Partial  Discharges 

The  mechanism  of  insulation  failure  by  partial  discharges  has 
received  a  lot  of  attention  during  the  past  few  years.  ^  It  is  one 

of  the  most  important  factors  determining  the  life  of  insulation  when  operated 
at  medium  to  high  stress. 

In  practical  solid  insulation  systems,  it  is  virtually  impossible 
to  rcznove  all  voids,  A  void  is  a  region  where  solid  or  liquid  is  unintention¬ 
ally  absent;  this  region  may  contain  gas  at  pre.ssures  varying  from  a  few  torr 
to  a  few  atmospheres.  Above  a  certain  stress,  often  labelled  the  corona  in¬ 
ception  voltage  (CIV),  gas  discharges  occur  in  the  void.  Continuous  operation 
above  this  level  (ac  and  pulse  especially)  eventually  leads  to  insulation  failure, 
in  addition  to  generating  radio  interference.  The  stress  at  which  discharges 
occur  in  the  void  depends  on  several  factors,  the  most  important  of  which  are 
void  size,  shape  and  location,  gas  pressure  and  type  of  gas,  dielectric  con¬ 
stant  of  surrounding  medium,  and  waveform.  Two  simple  void  shapes  are 
shown  in  Figures  6.2  (a)  and  6.2  (b).  For  x  <<;  d,  the  electric  field  in  the 
voids  under  ac  stress  are  e^V/d  and  3  e^V/d(l  +  2  e  ^)  respectively.  Figure 
6.  2  (a)  could  arise  due  to  a  crack  or  incomplete  impregnation  of  a  laminated 
structure  while  6.  2  (Iz)  could  be  a  bubble  in  a  solid  or  liquid  dielectric.  Two 
other  common  discharge  .sites  are  shown  in  Figures  6,2  (c)  and  6.2  (d). 

The  effect  of  void  size  depends  on  the  pressure  and  nature  of  the 
gas  in  the  void.  It  is  found  that  the  breakdown  voltage  of  a  void  follows  closely 
the  Paschen  curve.  Air,  for  example,  shows  a  minimum  of  300  volts  at  a 
pressure  times  gap  product  (pd)  of  0.6  torr-cm.  Thus  50  micron  diameter 
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Figure  6.2  Various  locations  for  partial  discharges. 


spherical  voids  containing  air  at  NTP  will  break  down  in  most  solid  dielectrics 
operating  at  100  kV/cm  and  greater. 

The  discharge  repetition  rate  is  very  sensitive  to  the  applied  volt¬ 
age  waveform.  For  dc  stress,  above  the  CIV,  the  rate  of  discharges  is  usu¬ 
ally  counted  in  number  per  hour,  e.g. ,  in  polyethylene  insulated  cable  operat¬ 
ing  on  dc.  For  other  waveforms,  repetitive  discharges  occur  only  when  the 
voltage  is  changing,  i.e.,  increasing  or  decreasing.  Figure  B.3  shows  the 
equivalent  circuit  and  void  voltage  waveform  for  an  applied  triangular  voltage. 
Cg  is  the  bulk  capacitance  of  the  sample,  is  the  void,  is  the  capaci¬ 
tance  in  series  with  the  void,  is  the  equivalent  leakage  resistance  of  the 
void,  and  gap  G  represents  the  breakdown  of  the  void.  Note  that  the  gap  G 
ignites  when  the  void  voltage  is  and  extinguislu's  when  it  drops  to  the 

result  is  a  relaxation  phenomenon. 

Successive  breakdowns  in  the  void  cause  material  erosion  and 
degradation  by  thermal  damage,  IJV  radiation,  ion  and  electron  impact  nr  by 
thin  arc  channels  fed  by  transverse  discharges.  Garton^'^’^  examined  these 
and  concluded  that  electron  and  ion  impact  are  the  most  likely  cause  of  ero¬ 
sion.  There  will  be  microscopic  areas  when'  erosion  is  more  rapid  than 
average.  These  develop  into  channels  which  propagate  by  local  intrinsic 
breakdown  at  their  tips. 

The  erosion  rate,  l^esides  depending  on  material,  voltage  wave¬ 
form,  void  geometry  and  location,  also  depends  on  the  chemical  nature  of 
the  gas  in  the  void  and  whether  or  not  the  void  i.s  vented.  For  example,  when 
both  nitrogen  and  oxygen  are  present,  nitric  acir!  is  formed  which  is  very 
deleterious  to  both  insulation  and  clectrodt'S. 

The  life  of  insulation,  operating  under  partial  discharges,  is  thus 

_7 

limited.  For  example,  lucite  is  rcijorted  to  erode  at  't-5  x  10  mm/pico- 
coulomb.  Discharge  inception  measurements  give  an  indication  of  the  sound¬ 
ness  of  the  insulation,  and  quite  sensitive  detection  equipment  is  now  readily 
available.  ASTM  D  1868  describes  one  standard  method. 
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(a)  Equivalent  circuit  ol'  auinple 
with  a  void  present. 


Voltage  across  void  in 


absence  of  discharges 


Void  voltage 


(b)  Void  voltage  in  presence  of 
discharges  for  triangular  wave 
form  api)lie(l  voltage. 


Figure  G.  3  Equivalent  circuit  and  tyj^icai  voltage 
waveform  of  a  voicl.  i 


6.2.5 


Thermal  Instability 


Under  an  applied  electric  field,  some  currents  flow  in  dielectrics 
which  generate  heat.  These  currents  are  of  the  conduction  (ionic  and  high 
field)  and  hysteresis  loss  component  types.  The  rate  of  heat  generation  is  an 
increasing  function  of  temperature,  electric  field  and  frequency.  Other  poten¬ 
tial  sources  of  heat  in  insulation  are  partial  discharges  and  nearby  hot  metal 
conductors.  The  temperature  distribution  in  the  insulation  depends  on  the 
location  and  magnitude  of  the  heat  sources  as  well  as  the  geometry,  temper¬ 
ature  and  thermal  properties  of  the  medium  and  heat  sinks. 

Thermal  instability  can  occur  at  any  point  where  the  rate  of  heat 
generation  exceeds  the  ability  of  the  material  io  dissipate.  The  critical  volt¬ 
age  at  which  thermal  runaway  occurs  in  a  system  depends  on  the  voltage  wave¬ 
form  (dc,  ac,  pulse),  ambient  temperature,  geomc^try,  and  material  properties 
The  following  equation  has  to  bo  solved  for  each  particular  prob¬ 
lem,  putting  in  the  appropriate  boundary  conditions. 

dT/dt  +  div  (k.  grad  T)  =  o  (I',’)  11^  (1) 

Cy  =  specific  heal  per  unit  volume 
k  =  thermal  conductivity 

o  =  c’lcctrical  conductivity  (effective  valiu'  for  given  E  and 
frequency) 

J'l  =  electric  field 
T  =  temperature 
(17) 

Analysis  shows  that  there  is  a  maximum  thermal  voltage?  for 
an  indefinitely  thick  specimen.  For  example,  under  clc  stress  and  with  the 
assumption  that  the  material  electrical  conductivity  a  increases  exponenJi- 
ally  with  temperature,  the  maximum  thermal  voltage  is  given  by 
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T 


a 


(2) 


kT 


V‘ 


TH 


where  k  =  thermal  conductivity 

and  =  ambient  temperature 

Note  that  the  temperature  dependent  conductivity  results  in  a  certain  amount 
of  stress  relieving  on  dc  and  is  one  of  the  reasons  for  the  higher  thermal 
voltages. 

Calculated  maximum  thermal  voltages  for  several  materials  are 
shown  in  Table  6.  6.  The  general  indication  is  that  continuous  solid  insulation 
thicknesses  greater  than  10  cm  are  of  little  electrical  benefil.  With  good  de¬ 
sign,  thermal  instability  should  not  l^e  the  limiting  factor  on  dc.  On  high  volt- 
age,  high  frequency  service  the  thermal  voltage  is  probably  the  limit,  although 
poor  quality  control  may  result  in  breakdown  by  partial  discharge.  Greater 
thicknesses  and  voltages  sliould  be  attainable  for  low  repetition  rate  impulse 
stresses;  life  will  probably  be  limited  llnm  Isy  partial  discharges.  Analysis 
of  thermal  breakdown  under  jjulse  conditions  can  i)(’  carried  out.  using  the 
above  equation  modified  by  omitting  the  second  term,  sinei'  usually  thermal 
conduction  heat  losses  arc  negligible  and  the  beat  input  goes  into  raising  the 
local  temperature. 


6.2.6  Electrochemical  Deterioration 

Electrociicmical  deterioration  is  just  one  aspect  of  the  general 
problem  of  clunnieal  stability  (5f  the'  insulation,  riieinic'al  processes  can  t)e 
initiated  or  accelerated  by  the  ionic  current  resulting  from  the  applied  elec¬ 
tric  field.  The  deterioration  rate  is  afferted  by  the  current  density,  the  nature 
of  the  ions,  temperature,  moisture,  contamination  and  the  voltage  waveform. 
The  effect  is  greatest  on  dc,  particularly  with  mixed  dielectrics. 

Chemical  changes  can  also  come  about  due  to  elevated  operating 
temperaturc^s  and  exposure  to  radiation  (either  from  external  source  or  local 
'"orona) . 
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6.  3  Factors  Affecting  the  Breakdown  Voltage  of  Solids 

The  aim  of  good  electrical  insulation  design  is  to  provide  the  re¬ 
quired  electrical  characteristics  and  life  at  minimum  cost.  The  number  of 
suitable  materials  can  often  be  quickly  narrowed  down  to  tlir-cc  of  four  broause 
of  various  constraints,e.  g.,  compatibility,  temperature,  mechanical  loads, 
shape  and  size,  bi  making  the  final  selection  of  material  and  deciding  on  thick 
ness  and  shape,  the  designer  is  seldom  fortunate?  enough  to  liavc  before  him 
dielectric  strength  data  directly  applicable  to  his  design.  Because  of  this,  in¬ 
dustrial  designs  change  slowly  botfi  in  shape  and  material  usage.  Only  after 
extensive  research,  ilevciopmont  and  field  trials  (whicli  may  take  from  three 
to  seven  years)  are  radical  changes  introduced.  Wluiti  time  and  financing  arc 
available,  materials  should  be  evaluated  under  conditions  repr(!senting,  as 
closely  as  possible,  those  (eventually  experienced  in  priictice.  Unfortunately 
tills  is  seldom  possililc?.  Often  the  dosigner  can  only  refer  lo  insulation  manu¬ 
facturers'  litei'ature,  company  reports  and  [lublicalions  in  journals.  The  for¬ 
mer  are  usually  A8TIVI  test  figures  which  an-  stildom  of  inui.'h  value  and  the 
latter  ttvo  ai'c  usually  limited  in  the  range  of  lest  eoiulitions. 

This  section  is  written  to  help  tin?  desigjier  by  indicating  the  main 
factors  which  influence  the  bi’caktlown  voltage  of  solid  insulation.  Thus,  avail 
able  dielectric  strcngtli  data,  althougli  not  immediately  useful,  can  be  modificc 
to  suit  tlie  new  design.  For  example,  material  X  is  known  lo  iiave  operated  at 
stress  of  100  for  1000  hours;  liow  long  is  it  likely  to  Iasi  at  150  kV/cm  ? 

The  main  factors  affeeding  the  Iji-ealcilown  voltage  are  shown  in 
Table  C.7  and  discussc;d  further  below.  It  will  b(.‘  assumed  that  by  eorreet 
choice  of  maltmial  and  system  geometry,  failure  by  eleelr-oclu'nrical  deteriora 
tion,  ti'acking  and  thermal  instability  has  been  eliminated. 

0,3.1  Time  at  Stress 

For  economic  reasons,  high  voltage  insulation  is  often  ('perated 
above  tht;  corona  inception  voltage  (CIV),  with  partial  discharges  occurring 


Tabic  6,7  Factors  affecting  the  breakdown  voltagi  of  solids. 


Factor 


Comment 


Time  at  Sti'ess 

Insulation  Thickness 

Area  and  Volume 

Environment 

Waveform 

Polarity 


Small  reduction  in  stress  often  increases 
life  considerably. 

In  practice,  opei'aling  stress  is  usually 
reduced  for  thicker  sections. 

An  increase  in  area  (oi'  volume)  by  10^ 
reduces  stress  by  facto:'  2  (typically). 

Can  result  in  failure  by  tracking,  chemical 
deterioration,  tln.'rmal  breultdown,  radia¬ 
tion  effects. 

Peak  to  pcixk  voltage  important. 

Point  to  plane:  lu'gative  brc'alcdown  voltage 
greater  than  i)Osilivi'  fo:'  most  solids. 


\ 


in  voids  or  near  the  electrode /dielectric  interface.  The  useful  life  of  the 
insulation  under  this  condition  is  very  much  affected  by  the  working  stress 
level  (Figure  6.4).  Most  solids  appear  to  have  a  voltage-life  characteristic 
of  the  form 


P  -  constant  x  (V./V) 
1 


(6) 


where  P  is  the  number  of  cycles  or  pulses  to  brealtdown,  V  is  the  applied 
voltage  and  the  corona  incejition  voltage  (CIV).  The  value  of  "n"  de¬ 
pends  on  the  material  and  ty[ucally  lies  between  five  and  eight.  Thus,  mea¬ 
suring  tlie  lives  at  highc!r  stresses  enables  the  longer  life  at  rcduc-ed  stress 

lobe  predicted.  Mylar,  for  example,  lias  ii  ~  7.5^^^’  and  polyethylene 

,  ,  ^  (20,21) 

between  6.  5  and  8.5. 

Another  method  of  accelerating  tests  is  to  raise  llie  test  frequency. 
To  date,  this  method  has  given  inconsistent  rcsult.s  when  the  Le.st  frequency 
exceeds  a  few  kilohert'/-;  tlic  results  usually  predict  an  optimistic  60  llz  life. 

For  frequency  acceleration,  the  assumption  i.s  generally  made  I  hat  the  num¬ 
ber  of  cycles  of  applied  voltage  to  failui'c  i.s  con.stanl.  This  is  not  true  for 
internal  and  scaled  voids  since  the  equilibrium  pres.surt'  in  the  void  depends 
on  the  diseliarge  rate;  and  tlie  equilibrium  pre.ssure  affects  the  corona  inter¬ 
action.  With  open  voids,  frequency  acceleration  can  usually  be  used  if  humidity 

is  kept  low  and  sufficient  gas  flow  is  maintained.  Figure  6.  5  shows  some  re- 

(22) 

suits  foi'  polystyrene. 

For  many  insulations  cpcraling  on  pulse  duty  the  peak  to  [leak 
voltage  of  the  jiulse  determines  the  life.  For  example,  polyethylene  insulated 
cable  operating  under  pulse  conditions  has  its  life  reduced  liy  90%  if  the  pulse 
reversal  hs  increased  from  a  nominal  25%  to  85%.  Increasing  the  peait  stress 
of  a  unidii'ectional  pulse  by  50%  reduces  the  life  by  approximately  95%. 

It  is  clear  from  the  above  relationship  that  the  insulation  designer 
slujuld  attempt  to  raise  the  discharge  inception  level  by  good  electric  field 
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STRESS  {  IcV/ctn  peek) 


Test  specimen  d 


d  c;  2mm 


b=2mm 


H 


10®  I  10^ 10®  10®  1  lo' 

I  day  at  50  c/s  1  year  at  50  c/s 

NO,  OF  CYCLES  TO  BREAKDOV/N 


250  > 


Figure  G.4  Life  data  for  plastics  witli 
internal  discharges  (Ref.  15). 


Material 

Polyethylene  --  cable 

Polyethylene 

Polyethylene  --  disc 

Polystyrene  --  plasticized 

Polystyrene  --  non-plasticized 

Phenolforrnaldehyde  --  molded  cavity 

Nylon 


Discharge  Inception  Stress 
kV/c  m  peak 


35  -  50 


(nylon  +  cellulose 


--  machined  cavity 


STRESS 


0.1  1.0  10  100  1000 


Time  to  Hreakdown  (Mimales) 


I'Tguri;  0.  3 


Life /at re. ss  for  polystyrene  (uniform  field). 


(22) 
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control  and  elimination  of  voids  and  discharges  (particularly  in  high  field 
regions).  High  quality  control  is  essential  during  manufacture  and  assembly. 
In  applications  using  tape  or  sheet,  vacuum  impregnation  is  normally  neces¬ 
sary  for  long  life.  For  cast  insulation  there  now  exist  guidelines  for  produc- 

(23  24  25) 

ing  high  quality,  low  void  content  castings.  '  '  Low  dielectric  con¬ 

stant  materials  clearly  have  advantages. 

The  benefits  of  removing  partial  discharges  are  seen  in  Figure 
6.  Q  which  compares  the  life  of  PTFE  when  operating  with  and  without  corona. 
Paper  insulated  cable  is  similarly  improved  when  oil  impregnated  or  filled 
with  high  pressure  gas. 

The  waveform  of  the  ajjplied  vollagt'  lias  a  considei’able  effect  on 
the  life.  This  is  discussed  more  fully  later. 


6.. 3. 2 


Insulation  Thickness 


Most  published  data  on  the  dielccdric  strength  of  solid  insulation 
suggests  that  the  dicrectrio  strength  falls  with  increasing  tliicknoss.  This  is 
probably  duc!  moi’e  to  the  metliod  of  measurement  than  to  some  inluirent  char¬ 
acteristic  of  the  material.  ASl'M  D149  for  example  suggests  that  the  standard 

1/2 

tost  method  gives  a  square  root  law  i.e.  V  a  d  ,  Tiiis  test  metliod,  and 
many  methods  used  in  the  literature,  ai'e  based  on  a  geometry  which  permits 
discharges  at  the  eieclrode /material  interface.  Untler  these  conditions,  some¬ 
thing  less  than  a  linear  relationship  bedween  spacing  and  breakdown  voltage 
is  to  be  expected.  ^  By  im[>roving  the  test  geometry  (st'c  section  on  "in¬ 
trinsic  breakdown")  the  voltage /spacing  relationship  becomes  almost  linear. 

Figure  (1.7  stiows  some  data  for  c;rosslinketl  [jolycthyleiu?  cablt^ 

(27) 

with  multipit'  layer.s  extruded  in  tandem.  Tht^  im[)ulse  breakdown 

stress  level  of  0.7  MV/cm  at  a  1  cm  wall  is  of  intorest.  Impulse  strength 

data^^^^  for  polyethylene,  EP  rubber  and  butyl  rubber  insulated  cable  show 

an  approximate  linear  dependence  on  wall  thickness  (at  least  up  to  the  15  mm 

(29) 

reported).  Epoxy  resin  shows  an  almost  linear  dependence  when  the 
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Houi-s  to  Failuro 


Figure  6.  6  File  of  PTFE  with  and  without  corona. 


v'lci.'!  rudi’.s  arc  properly  encapsulated.  Figure  6.8  illustrates  the  linear 
dcpcndt'nce  (curves  3a  and  3b)  and  the  square  root  result  (curve  1)  when  the 
electi'odes  are  external  to  the  test  sample.  Curve  2  shows  the  effect  of  re¬ 
ducing  the  sample  volume  and  area  (see  later). 

With  the  following  exceptions, therefore^  it  may  be  concluded  that 
in  a  well  designed  system,  the  breakdown  voltage  increases  almost  linearly 
with  thickness.  Exceptions  are  where: 

(1)  Samples  are  extremely  thin  and  tlie  thickness  is  of  the  or¬ 
der  of  electron  mean  free  path. 

(2)  Breakdown  uecur.s  by  the  "thermal"  mechanism  e.  g.  high 
frequency  op(' ration,  '[’empe ruture  incruasc.s  with  thickness. 

(3)  Allowance  must  be  made  for  increasing  stressed  volume. 

6.3.3  Electi'udc  Area  and  Stre.ssed  Volume  Effects 

The  area  or  volume  effect  on  dielectric  strength  has  been  dis¬ 
cussed  earlier,  both  in  general  (Section  3).  and  in  particular  with  regard  to 
gaseous  and  liquid  ilielcctrics  (Sections  4  and  5).  Ttie  uffetd  is  most  import¬ 
ant  to  tlie  application  of  solid  dielcetinc.s  and  will  be  discussed  in  turttiex'  de¬ 
tail  here,  pai'ticularly  a.s  it  effects  solids. 

Eleclric:al  insulation  of  commercial  (jiirity  usually  fails  at  stresses 
well  below  those  measured  on  small  samples  undei’  closely  controlled  condi¬ 
tions  of  purity  and  prepaiuLion.  Experiment  shows  this  to  be  true,  at  least 
foi’  solids,  liquids,  vacuum  and  gases  at  high  pre-s-sun-.  Thi’  observeil  re¬ 
duction  in  mean  breakdown  .strength  with  increasing  sample  size  (volume  or 
ai'(.?a)  points  to  tlie  presence  of  imijc rfeelion.s  (impurities  and  voids  for  ex¬ 
ample)  in  the  stressed  region.  Thus  the  jii'obability  of  breakdown  in  an  ele- 
incmtal  region  will  dcpeiul  on  both  the  probability  of  fimling  an  impei'fection 
in  fhut  region  and  on  the  distribution  of  imperfection  size.  Increasing  the  size 
of  a  .sample  under  stress  clearly  increases  the  probability  of  finding  increased 
jmi^i'rfectjon  size.i.e.,  reduced  breakdown  stress. 
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Figure  6.8  Breakdown  voltage  U  in  kV  o£  epoxy  resin  moldings  vs 
wall  thickness  S  in  rnm.  Arrangement  (1);  Test  sample  200  mm 
diameter  between  a  spherical  electrode  (20  mm  dia)  and  a  flat 
electrode  (50  mm  dia).  The  wall  thickness  is  reduced  to  S  with  a 
spherical  deepening.  The  insulation  surface  under  the  electrode 
has  a  conductive  painting.  Stressed  area  is  smaller  than  1  cm^. 
Arrangement  (2);  Spherical  steel  electrodes  (10  mm  dia)  molded 
in  an  epoxy  cylinder  (80  mm  dia  x  150  mm  long).  Stressed  area 
is  smaller  than  1  cm^.  Arrangement  (3):  Rogowski  electrodes 
(50  mm  dia)  with  a  stressed  area  of  20  cm^  and  with  a)  a  graphite 
painting  on  the  insulation  surface,  and  b)  an  iron  cloth  in  the 
epoxy  surface.  (Ref.  29) 
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The  siatisties  used  to  describe  this  effect  can  best  ijc  described 

■IS  "weak  link"  theory  since  brcakdovvii,  by  definition,  occurs  at  the  weakest 

-spot.  Exitreme  value  probability  theory^^^^  has  been  applied  to  this  type  of 

(31  32  9) 

in’oblcni  with  considerable  success,  ’  '  enabling  the  d'-lectr'ic  strength 

of  lai'ger  specimens  to  be  predicted. 

Breakdown  due  to  imperfections  gives  rise  to  statistical  fluctua¬ 
tions  in  the  measured  breakdown  strengths.  For  exarnpT;,  if  apparently  sim¬ 
ilar  sanijjlc.'S  are  tested  under  identical  test  conditions,  th(?y  will  not  fail  at 
the  saine  voltag(.'.  It  is  usual  tlierefore  to  quote  the  mean  value;  of  dielectric 
strengtli  10  and  the  standai'd  deviation  a  ,  for  the  tested  material,  although  it 
would  l3e  better  to  give  llie  cumulative  probability  of  breakdown  P(E)  as  a 
function  of  E  and  the  lest  geometry.  This  information  can  be  used  to  ptaviict 
the  strength  of  samples  of  another  size. 

A  simple;,  but  pex'fcelly  general,  approach  is  the  following.  If 
PjdJ)  is  the  eumuiative  probathlity  of  bi-eakdown  up  to  voltage  U  for  an  ele¬ 
mental  saiiiple,  and  I  In;  corresponding  value  for  "n"  such  samples 

tested  in  parallel,  tlien  by  using  the  binomial  dislribuLion  function 

1>  (U)  =  I  -  (1  -  ]>,(U))‘'  (4) 

n  1 

This  result  Jiialces  no  assumption  concerning  the  form  of  the  basic  distribution 

involved.  Figure  G.O  gives  the  results  in  a  useful  form.  For  a  normal  ctis- 

tribution,  tlie  effect  of  n  =  10,  100  and  1000  is  to  rcdiu'C  the  observed  mean 

stri.'iigili  by  approximately  1.75o  ,  2.0  u  and  3.20  o  respectively. 

In  all  t;ases,  the  magnitude  of  the  size  (.ITeet  is  very  dependent  on 

(33) 

the  variability  of  the  insulation  (standard  deviation).  Civedon  has  devel¬ 
oped  the  idi.'us  generated  at  tlie  Atomic  Weapons  Research  Eslaldishment , 

(34) 

Aldci'iiiasi  on,  England,  by  ,T.  C.  Martin  and  derives  a  volume  effi.'ct  which 
is  dr’penden'  on  the  standard  deviation.  Figure  fi.  10  has  been  derived  from 
Ill's  ilicorv  to  show  the  dependtmee  on  a  . 
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Figure  6.  10  Effect  of  increasing  volume  and  standard 
deviation  on  mean  breakdown  strength. 
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There  still  seems  to  be  some  confusion  as  to  whether  to  use  "area" 

or  "volume"  for  the  size  effect.  Intuitively  one  expects  a  volume  effect  if  the 

imperfections  causing  breakdown  are  distributed  throughout  the  insulation, 

and  an  area  effect  if  breakdown  is  initialed  by  imperfections  on  the  electrode 
(34) 

surface.  Martin  concludes  that  for  many  plastics,  a  volume  effect  exists. 
.Some  of  his  data  for  pulse  breakdown  arc  shown  in  Figure  6.  11.  Note  that 
volume  refers  to  the  actual  volume  stressed  to  90%  or  greater  of  the  maxi¬ 
mum  field  strength.  Figure  6.  R  also  illustrates  a  volume  effect  for  epoxy 
resin.  Comparing  curves  (2)  and  (3a)  a  reduction  in  strength  of  approximately 
50%  is  observed.  The  corresponding  volume  change  is  approximately  250:1, 

For  the  given  a  =  15%,  Figure  G.  10  predicts  a  similar  reduction  in  strength. 

(.35) 

U.aing  Figure  6.  10  and  the  resuits  of  Eusiance  for  polypropylene  film, 

4 

where  an  increase  of  10  reduces  the  breakdown  strength  to  0.55,  the  stan¬ 
dard  deviation  is  7.5%.  This  is  remarkably  low  for  solid  insulation  and  is 
indicative  of  the  cleanliness  of  the  polymc'r  and  the  quality  of  the  film  making 
process.  In  this  respect,  jilastic  film  is  usually  superior  to  paper  for  im¬ 
pregnated  capacitor  insulation. 

.Some  filled  epoxy  resins  wei'e  .studied  m  ^on  I’hy.sics  Corporation, 

Burlington,  Massacdiusetts,  as  to  their  suitability  for  highly  .slrt'sscd,  high 

voltage  insulation.  '  Tc'Sts  on  small  .samt)les  (2  inehe.s  diajnetcr,  1/4  inch 

tliick)  gave  E  =2.4  MV/inch  and  a  =  IG%.  Two  large  samples  (approxi- 
KIJ  2 

maiely  200  inches  ,  0.  5  inch  thick)  broke  down  under  similar  Imst  conditions 
(dc)  at  a  mean  stress  of  0,07  MV/inch.  leigure  G,  10  i)redicl.s  1.03  MV/inch 
for  these  conditions,  assuming  a  volume  effect. 

(37) 

The  volume  dependence  reported  by  Morton  and  Stannett  for 
mylar,  polystyrene  and  polyethylene  are  equivalent  to  a  standard  deviation  of 
12%  (from  Figure  G,  10). 

Milton,  using  ca.sting  resins,  concludes  that  an  area  dependence 
exists.  His  results  are  shown  in  Figure  6.  12.  Other  tests,  using  Rogowski 
profile  electrodes,  failed  to  show  a  thickness  effect.  It  should  be  noted  that 
the  work  was  done  with  unfilled  polymers  and  relatively  small  stressed  volume 
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Figure  R.  11  Volume  effect;  electrical  breakdown  in  plastics 


ELECTR 


(.03  iiK-li  juaximum  gap,  10  in  area).  Even  the  lowest  measured  stress  for 
epoxy  (5  MV /inch)  is  high  by  normal  commercial  standards.  It  is  possible 
that  breakdown  was  electrode  dominated  for  his  tests  with  a  consequent  area 
dependence.  Support  for  this  appeared  in  later  work  by  the  same  author  in 
wl'iich  the  mold  material  was  found  to  have  a  large  effect  on  the  breakdown 
strength. 

To  summarize,  a  size  effect  results  from  inhomogeneity  in  the 
insulation.  Commercial  insulation  will  contain  imperfections,  the  typo,  size 
and  number  of  whicli  will  determine  the  standard  deviation  of  the  mean  break¬ 
down  strength.  The  standard  deviation  of  common  solid  dielectrics  appears 
to  be  in  the  range  5  to  40%  (plastic's  5-15,  filled  i.-poxies  15-25,  mica  10-40), 
The  laj'ger  the  standard  deviation,  tiu'  gi'cater  is  the  size  effect.  Thus  plas¬ 
tics,  with  say  o  =  12%,  will  show  a  reduedion  in  mean  brealidown  strengtii  of 
50%  wlien  the  volume  is  increased  by  a  factor  of  one  lliousand. 

.Since  the  dimensions  of  high  voltage  equipment  increase  at  least 

3 

as  fast  as  voltage  V,  then  tlic  volume  of  stressed  dielectric  increases  as  V 
4 

or  V  .  The  successful  pi'oduetion  of  a  IIV  component  obviously  requires  good 
design, l3ut  perliaps  inoi/c  important,  needs  cxtrcmciy  good  quality  control 
both  in  malarial  and  processing  in  ordc'j'  that  tlic  variability  be  kept  smali. 
Unlike  gases,  liquids  unci  vacuum,  a  puncture  in  solid  insulation  normally 
micans  fabricating  another  component.  This  alone  Is  a  strong  argument 
against  single  large  solid  dielectric  components  at  high  voltage.  Tiie  capa¬ 
citor  manufacturer  solves  the  i^robiem  by  eliminating  early  failures  affer 
and  during  production;  this  may  involve  using  up  part  of  the  useful  life  of  tlie 
capacitor,  The  cabh;  manufacturer  tests  each  drum  length  of  cable  alter 
production.  Uailure.s  can  then  be  removed  by  good  jointing  techniques. 

G.3.4  I'lnvironment 

The  nature  of  the  surrounding  medium  affects  the  breakdown 
voltage  of  solid  insulation,  but  usually  for  the  reasons  discussed  earlier,  that 
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is,  t'orona  at  the  edges  of  the  electrodes,  surface  tracking,  or  chemical  attack. 
Moisture  in  particular  should  be  excluded  from  solid  insulation  since  it  en¬ 
courages  electrochemical  deterioration. 

The  ambient  temperature  is  important  since  it  determines  the 
hot-spot  temperature  of  the  insulation.  To  prevent  thermal  breakdown, the 
working  stress  is  usually  reduced  for  increasing  ambient  temperature.  Sus¬ 
tained  operation  at  elevated  temperature  can  lead  to  insulation  degradation. 

This  depends  on  the  temperature  and  the  type  of  insulation.  A  bibliography 
on  thermal  ageing  of  electrical  insulation  is  given  in  reference  (40). 

Ttio  useful  life,  as  well  as  some  of  ttu:  mechanical  pi’opcrties,  of 

solid  and  liquid  insulation  is  affected  wIkui  subjetded  to  relatively  large  dose.s 

(41) 

of  high  energy  ionizing  i-adiation.  Black  note.s  that  the  effects  are  similar 
to  those  of  stress  ageing  and  exposure  to  corojia.  The  main  effects  of  radia¬ 
tion  in  hyd rocarbon.s  and  i)olymeric  materials  ai'e; 

(1)  Cross  linking  of  molecules  to  form  gels. 

(2)  Evolution  of  hydrogen  and  low  molecular  weight  fragments. 

(3)  Moloc.ulur  degradation  by  main  chain  scission. 

(4)  Formation  and  annihilation  of  unsaluratcd  groups. 

(5)  When  air  is  present,  degradation  due  to  oxidation. 

The  ability  of  a  material  to  withstand  a  given  dose  of  radiation  depends  in  a 
complex  way  on  the  chemical  structure.  Mutt.'riuls  which  cross  link  include 
natural  and  synthetic:  rubber,  polyester,  polystyrene;,  nylon,  i)olycthylcne,  I'VT 
and  polypropylene.  Malcrials  which  suffc'r  chain  scission  include  mylar, 

Im  il  e,  FTF  If,  cellulose  |>rodiicts,  uren.  and  melamine  foiTnaldehydc-s  and  unfilled 
phencjlic  resins,  as  well  as  some  of  those  wliich  c:ross  link,  'rablc  R.8  shows 
sliows  dose  levels  at  which  the  insulation  shows  memsuratTe  dc'gradation  of 
proporticjs.  Lifetime  dose  may  be  100  times  these  values. 

Further  details  on  the  effects  of  I’adiation  and  environment  can  be 

<■  ,  •  CM  1  <42) 

ic;und  in  Clark. 
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Table  6.  8  Dose  of  high  energy  radiation  to  produce 
measurable  changes  in  properties. 


Material 

Dose  in  Megarads 

PTFE 

0.02 

Polyester 

0.3 

Polymethylmethacrylate  (Incite) 

0.8 

Cellulose  Acetate 

3.  0 

Polycarbonate 

3.0 

Urea  Formaldehyde 

8.0 

PVC 

0.0 

Polyethylt.'iK) 

20.0 

l^olyethylune  Tereplithalate  (mylar) 

20.0 

Silicone 

100.  0 

Polyimide 

500 

Polystyrene 

000 

Fpoxy  (aromatic  type) 

2000 
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6.  3.  5 


Waveform 


The  intrinsic  strength  should  be  independent  of  waveform  except 
for  very  fast  pulses  (several  nanoseconds).  In  practice,  the  voltage  waveform 
is  important  not  only  to  the  local  breakdown  strength,  but  also  to  the  electric 
field  distribution  and  intensity  in  all  but  the  simplest  insulation  systems.  For 
example,  field  distribution  in  general  will  be  determined  either  by  conductivity, 
or  permittivity,  depending  upon  the  frequency  of  the  applied  voltage.  Above  a 
particular  frequency  the  field  is  determined  largely  by  permittivity:  and  below 
by  conductivity.  This  critical  frequency  is  given  in  Table  fi.  9  for  a  number  of 
commonly  used  solid  dielectrics  and  transfornier  nil.  The  critical  frequency 
is  very  low,  and  obviously  many  dc  tests  on  insuhilion,  for  c?xample  with  volt¬ 
age  raised  on  a  ramp  or  in  steps  every  few  .seconds  or  even  minutes,  are  in 
fact  "ac"  testa  as  far  as  the  dielectric  time  constant  is  concerned. 

As  an  example,  consider  two  dielectrics  in  series,  say  lucite  (f  ^  = 

-  4  ,  -  3 

5.5x10  ,  i.e.,  140  seconds  per  cycle)  and  oil (f^  s  7.  2  X  1 0  ,i,c.,  800 

seconds  per  cycle).  At  frequencies  higher  than  7.  2  x  10  the  field  distribu¬ 
tion  is  largely  determined  by  permittivity  rather  than  condurlivily.  At  fre- 

-4 

quencies  lower  than  5.  5  x  10  ,  the  field  distribution  is  largely  determined 

by  the  conductivities.  At  intermediate  frequencies  tliere  is  a  phase  difference 
between  the  electric  fields  in  the  two  media;  the  magnitude  being  deterininc'd 
by  the  respective  conductivity  and  permittivity.  Consider  tlu'  common  situa¬ 
tion  where  a  gap  of  gas  or  vacuum  dielectric  is  in  series  with  a  solid.  The 
dielectric  constant  is  essentially  unity  and  the  conductivity  exlremely  low  for 
the  gas  or  vacuum  until  ioni'xation  occurs,  which  often  triggers  breakdown. 
Assuming  zero  conductivity  in  the  gas  or  vacuum,  the  minimum  field  which 
can  occur  in  the  gap  is  at  frequencies  higher  than  that  characteristic  of  the 

solid,  and  is  given  by  e  E  where  e  and  E  are  respectively  the  dielectric 

s  s  s  s 

constant  and  electric  field  in  the  solid.  The  value  of  conductivity  to  use  for 
vacuum  or  gas  become.s  difficult  to  determine  at  the  higher  fields  bocau.se  it 
is  no  longer  zero  and  conduction  may  be  strongly  localized  (e.g.  ,  field  emission 
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Tablo  G.  9  Frequency  "Constant"  (Hz). 


Mate  rial 

r 

^(ohm-cin ) 

f 

C 

Hz 

High  Voltage  Porcelain 

6.  1 

loi^ 

2.  9 

X 

10-2 

Alumina 

10.  0 

5  X  lO)'^ 

3.  6 

X 

10-'^ 

Pyr  ex 

4,  5 

lOH 

4.  0 

X 

10-2 

PTFE 

2.  2 

1017 

8.2 

X 

10-^ 

Lucitc 

3,  3 

10^5 

5.  5 

X 

10-4 

Epoxy  -  unfilled 

3.5  1 

10’5 

5.  1 

X 

10-4 

-  alumina 

5.  5 

10^-^ 

3.  3 

X 

10-2 

Phenolic- Mica -Filled 

5.  0 

10^3 

3.  6 

X 

1  0-2 

Polyethylene 

2.  2 

10^5  1 

1 

8.  2 

X 

10-4 

Nylon 

4.  0 

loi^ 

4.  5 

X 

10-2 

Itubber  (hard) 

3.  0 

10^7 

6.  0 

X 

10-8 

Silicone  Rubber 

3.  0 

10^^ 

6.  0 

X 

10-3 

Polystyrene 

2.  55 

10l8 

7.  0 

X 

10-7 

PVC 

3.  3 

JOl^ 

5.  5 

X 

10-2 

Transformer  Oil  (mineral) 

2.  5 

10^4 

7.  2 

X 

JO-3 

>te;  ac  values  for  p  can  vary  by  one  or  two  oi'dcrs  of  magnitude. 
Where  a  range  wa.s  given,  the  mid-poinl  is  used. 

Data  is  normally  foi’  low  voltage  and  20°C, 
s  is  a  low-frequency  value  (60  to  1000  Hj,). 

The  value  f^.  is  the  frequency  where  conduction  and  displacement 
currents  are  equal. 


f 


1.  8  X  10 


12 


(p  in  ohm-cm) 


from  microscopic  points).  In  the  dc  case  such  conduction  can  establish  a  charf^e 
distribution  which  is  self-relieving,  with  regard  to  stress,  and  stabilizing. 


6.  3.  5.  1  Direct  Voltage 

For  most  materials,  the  working  dc  stress  for  a  given  life  is 
greater  than  the  peak  ac  stress  by  about  a  factor  two,  due  mainly  to  the  re¬ 
duction  in  the  number  of  partial  discharges  and  a  certain  amount  of  local  stress 
relieving  (electrical  conductivity  is  a  function  of  temperature  and  electric  field). 
Discharges  occur  more  readily  when  the  voltage  level  changes,  but  also  occur 
at  steady  voltage  depending  on  the  relaxation  time  of  the  void.  The  most  com¬ 
mon  failurt?  with  mixed  dielectrics  on  dc  is  electrochemical  deterioration. 
Tracking  is  also  a  problem. 

6. 3.  5.  2  Power  Frequency 

At  high  voltage,  thermal  breakdown  can  occur,  especially  if  the 
ambient  temperature  is  high,  as  for  example  on  cables  carrying  peak  or  over¬ 
load  currents.  Failure  by  partial  discharges,  however',  is  prol)ably  the  main 

(28) 

reason  for  failure  at  high  stress.  For  insulation  operated  alcove  the  cor¬ 
ona  inception  voltage,  discharges  occur  each  half  cycle;  the  number  depend¬ 
ing  on  the  voltage  excess  over  the  inception  level.  Thus  the  life'  rrrcluces 
rapidly  with  increasing  stress  above  the  CIV.  r.icjuid  impregnated  insulation 
can  show  a  reduction  in  CIV  after  sustained  operation  at  normal  stress.  This 
is  [jrobably  because  many  commonly  used  impri'gnants  evolve  gas  under  eb'c- 
tric  stress.  Certain  gas  absorbing  additives  can  reduce  the  effect.  Temper¬ 
ature  cycling  can  result  in  a  similar  effect. 

6.  3. 5. 3  Pulse 

Thermal  breakdown  is  unlikely  for  low  repetition  rate  short  pulses. 
Rreakdown  after  a  small  number  of  pulses  is  probably  duo  to  intrinsic  break¬ 
down,  whereas  partial  discharges  account  for  breakdown  after  many  pulses. 
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Theoretical  and  experimental  studies  indicate  that  for  most  solid 
dielectrics,  the  pulse  strength  is  independent  of  risetime  down  to  about  ten 
nanoseconds.  Exceptions  include  liquid  impregnated  insulation  and  glass.  The 
former  shows  a  variation  in  strength  with  impulse  waveform  due  to  the  im¬ 
pulse  strength  depending  on  the  pulse  strength  of  the  impregnanl,  Glass^"^"^^ 

shows  an  increasing  strength  for  pulses  shorter  than  a  few  microseconds.  In 
this  respect  it  is  more  like  a  liquid  and  of  course  has  a  similar  structure  be¬ 
ing  a  super  cooled  liquid,  i.  e. ,  having  a  lack  of  long  range  order. 

For  most  materials,  the  breakdown  process  is  very  rapid,  with 

formative  times  of  the  order  of  a  few  nanoseconds.  Figure  6.  13  shows  some 

(45) 

data  for  several  materials  under  ramp  voltage  applications.  The  forma¬ 
tive  time  decreases  with  increasing  overvoltage  hut  increases  with  the  thick- 
ne.ss  of  the  dielectric.  Since  gascus,  liquids  and  vacuum  .show  increased  break¬ 
down  stres.ses  for  pulses  shorter  than  a  few  microseconds,  this  presents  a 
problem  with  insulation  coordination  for  fast  rising  voltages.  Tlius  highly 
.stressed  solids  liavo  no  inherent  protection  against  fast  ov('rvolting  pulses. 

The  effect  of  partial  discharges  on  the  pulse  life  characteristic  of 
solid  insulation  depends  on  many  factors.  Alston^^^' has  ri^viewod  some 
of  these  and  concludes  that  for  polythene  in  particular, 

(1)  Void  size  and  location  arc  important  (worst  next  to  cathode). 

(2)  Peak  to  peak,  peak,  and  rate  of  voltage  af)p]ication  or  re¬ 
moval  affect  life. 

(3)  Time  at  stress  and  voltage  reversal  affect  life. 

(4)  Increasing  tlie  time  interval  l^etween  unidirectional  pulses 
can  reduce  the  life  (depends  on  relaxation  lime  of  the 
material). 

(5)  At  a  given  stress,  life  is  independent  of  sample  thickness. 

(6)  Life  is  reduced  by  reversing  polarity  between  pulses. 

(7)  Discharges  per  pulse  is  reduced  for  pulses  less  than  a  few 
micro.SGconds  in  duration. 
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2.5 

3xlO“®  I0~®  10"^  I0‘® 

TIME  (seconds) 


Figure  6.  13  Variation  of  the  dielectric  strength  of 
styroflex  (1),  teflon  (2),  mica  (3),  Incite  (4),  poly¬ 
styrene  (5),  and  bulk  teflon  (6),  with  the  voltage 
rise  time;  uniform  field  (Ref.  Mel'nikov  45). 


Martin,  '  using  thin  sheets  of  mylar,  found  a  life/stress  relationship  simi¬ 
lar  to  that  in  Section  fi.  3.  1,  for  pulse  application.  Fie  found  the  value  of  "n" 

to  be  7.  5.  By  using  thinner  layers  of  insulation,  the  breakdown  stress  was 

(47) 

increased  even  when  the  total  sample  thickness  was  the  same,  Hayworth 
reported  a  similar  effect  which  is  made  use  of  in  capacitor  manufacture  (Fig¬ 
ure  6.  14).  Derating  curves  for  voltage  reversal  are  also  given. 


6.3.6  Nonuniform  Field 

For  very  nonuniform  fields,  a  polarity  effect  exists  for  many 
materials.  The  breakdown  voltage  of  a  positive  point  to  jdanc  geometry 
appears  to  be  about  70%  of  the  negative  point  value.  The  calculated  electric 
field  at  the  tip  of  a  negative  point  is  in  excess  of  the  intrinsic  value.  Mason 
accounted  for  this  by  as.suming  I  hat  the  conductivity  increases  vvith  increasing 
field  and  acts  as  a  stress  relieving  mechanism.  Continuous  application  of 
stress  can  lead  to  breakdown  by  treeing^^*^^  (branching  discharge  paths). 


6.4  Conclusions 

li  is  clear  from  the  previous  sections  that  the  design  of  solid  in¬ 
sulation  in  sy.stoms  is  not  a  .si raighl  forward  nialtcr.  The'  .starting  point  is 
normally  the  technical  requirements  and  constrainl.s.  These  include  some  of 
the  following:  working  voltage  and  wavo.shapcs,  dimensions,  life,  wrighi, 
temperature,  environment  and  cost.  Many  materials  will  bo  ruled  nut  at  this 
point  by  clifficultie.s  either  in  meciianical  support  or  lack  of  availability  in  the 
required  geometry.  In  this  rc.spect,  cast  in.sulation  has  a  great  advantage 
over,  .say,  pla.stie  film.  The  next  step  is  perhap.s  lo  examine  which  mate- 
t'ial.s  can  opei'ate  at  the  neco.ssary  stress  lo  give  the  required  life.  This  is 
difficulf  since  seldom  will  appropriate  <Jala  be  available.  The  manufacturers' 
le.st  figures,  usually  obtained  according  to  ASTM  on  1/8  inch  thick  sample.s, 
ufi’  of  liith'  us('.  llxaiTiination  of  Table  6.  10  illustrates  this  point.  Thus  one 
ncjsi  searcii  (he  literature  for  test  data  obtained  under  conditions  near  to 
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AVERAGE  LIFE  (Shots) 


Figure  G.  14  Average  life  in  shots  versus  stress 
in  KV/mil  and  voUage  in  kV  for  polyester  film. 
(Hayworth,  Fef.  47). 


Ihoso  of  the  problem  and  then  make  intelligent  adjustments  based  on  some  of 

the  information  in  earlier  sections.  There  is,  however,  no  substitute  for 

good  sample  testing  if  cost  and  time  permit.  There  is  a  marked  absence  of 

high-voltage  solid  dielectric  information  in  the  literature;  gases  and  liquids 

have  been  much  better  investigated  and  reported.  Apart  from  one  or  two 

(47) 

references  related  to  high  energy  density  capacitors,  the  mo.st  useful  data 

to  the  pulse  power  designer  is  that  contained  in  the  unpublished  work  of  J.  C. 

Martin  et  al.,  at  the  U.  K.  Atomic  Weapons  Research  Establishment,  Alder- 

maston,  England.  His  memoranda  contain  much  information  on  several 

plastics  (mylar,  polyethylene,  lucite,  polypropylene)  at  high  voltages  and 

stresses  for  volumes  up  to  tens  of  liters.  Information  on  epojcy  resins  at 

(36  SO ) 

high  voltage  is  very  limited.  Recent  reports  ’’  give  some  data  at  volt¬ 
ages  in  excess  of  a  hundred  kilovolts  for  dc,  pulse,  uniform  and  nonuniform 
fields.  Reference  (36)  ahso  gives  some  data  on  methylmethacrylate  and  sty¬ 
rene  and  also  includes  some  data  on  flashover  strength  in  compressed  gases. 
As  mentioned  earlier,  the  interfaces  between  the  solid  and  metal 
electrodes  and  other  medium  (gas,  liquid  or  vacuum)  usually  present  prob¬ 
lems.  With  good  design,  the  interface  flashover  strength  can  l)e  made  to 
approach  the  breakdown  strength  of  the  medium.  Vacuum  under  slow  pulse 
and  dc  is  an  exception.  Good  design  invo]v(!S  taking  care  with  tlie  triple  joint 
(where  metal,  solid  and  medium  meet),  and  the  electric  field  distribution. 

In  addition,  care  is  needed  during  manufacture  and  assembly  to  reduce  con¬ 
tamination,  particularly  moisture.  Surface  finish  is  usually  quite  important. 

Finally,  Table  6.  10  lists  some  of  thi?  properties  of  commonly 
used  insulating  materials.  These  should  only  be  usoci  as  a  guide.  The  use 

of  more.'  detailed  sources  of  data  is  recommended  for  final  design.  Rome  use- 

(51-55) 

ful  references  arc  given.  The  Electronic  Properties  Information 

Cimter,  Air  Force  Materials  l.aboratory  reports  in  particular  provide  a  sur¬ 
vey  (F  most  materials,  co>"'”ing  properties  and  processing.  The  large  num- 
hc-r  of  bcjoks  available  on  pia.stics,  epoxy  resins,  etc.  has  discouraged  the 
auihfjr  from  sing].  :r  out  any  for  special  reference. 
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Propemies  o;‘  soir.e  solid  dielectrics  in  conr.mcn  use,  (Continued  Overleaf) 


SUCTION  6 
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SECTION  7 

VACUUM  DIELECTRIC 


7 .  1  General  Discussion 

As  the  pressure  of  a  gas  is  reduced  below  atmospheric  the  dielec¬ 
tric  strength  falls  to  a  minimum  value  and  then  begins  to  rise  again.  Section 
4  discussed  this  in  terms  of  Paschen's  law  (Figure  4.  1  )  which  states  that  the 
breakdown  voltage  of  a  gas  is  a  function  of  the  product  of  pressure  and  gap. 
The  shape  of  the  Paschen  law  curve  at  pressures  below  that  for  minimum 
Sj^arking  voltage  indicates  that  larger  gaps  will  break  down  at  lower  voltage 
than  smaller  gaps,  and  this  is  found  to  be  true  in  practice.  Attempts  to  make 
a  small  gap  break  down  can  lead  to  a  discharge  around  either  a  longer  path  of 
length  corresponding  to  that  determined  by  the  pressure  and  the  Paschen  min¬ 
imum  or  the  longest  path  available  in  the  volume.  Designing  for  this  region 
of  gaseous  breakdown  is  discussed  at  length  in  reference  (1).  As  pressure 
is  reduced  towards  a  value  corresponding  to  that  where  the  mean  free  path 
approaches  the  length  of  any  possible  discharge  path  the  Paschen  law  no 
longer  holds,  as  would  be  exi^ected  from  its  theoi’etical  justification  based 
on  gas  ionization.  Dielectric  strength  then  becomes  relatively  high.  The 
transition  reg.ion  Ijetween  tlic  Paschen  discharge  range  and  that  where  the 
mean  free  path  is  large  has  largely  been  ignored  by  experimentalists,  prob¬ 
ably  because  of  exiJerimental  difficulties.  It  is  of  little  practical Unterest, 
except  insofar  as  it  marks  the  upper  end  of  tlie  ti-ue  vacuum  regime  which  is 
a  desirable  oix.' rating  region  for  some  vacuuju  devices  (later).  In  the  follow¬ 
ing  discussion  of  vacuum  insulation  it  can  be  assumed  tliat  tiie  mean  free 
path  is  large  com[)ared  to  the  dimensions  of  llte  system  as  a  consequence 
a  cliarged  particle  drawn  fr'om  one  electrode  to  another  is  unlikely  to  collide 
with  a  residual  gas  molecule.  This  vacuum  range  usually  exists  in  systems 
bc-lov'  al;(;ut  10  torn. 
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In  general,  vacuum  is  used  as  a  dielectric  not  for  its  insulating 
properties  but  for  other  reasons.  Typical  reasons  are-- a  need  for  long 
mean  free  paths,  for  example  as  in  electron  tubes  and  velocity  separators; 
where  it  is  desired  to  minimize  drag,  for  example  in  the  electrostatic  gyro; 
and  where  it  is  the  natural  environment,  i.e.,  in  space. 

There  are  several  good  sources  of  information  on  electrical 

breakdown  in  vacuurn,  or  to  put  it  more  positively,  vacuum  insulation.  Plaw- 

(2) 

ley  and  Maitland  published  a  comprehensive  bibliography  in  1967  citing 
556  articles.  These  were  classified  by  subject  matter  and  cross  indexed. 
Slivkov  has  written  a  book  on  the  subject,  and  a  Handbook  of  Vacuum  Insu¬ 
lation  was  prepared  by  Mulcahy  and  Bolin  for  the  U.  S.  Army  Electronics 
(4) 

Command.  An  International  Symposium  on  the  subject  was  initiated  in 
19G4  (MIT)  and  repeated  in  1966  (MIT),  1968  (Paris)  and  1970  (Canada)  and 
is  scheduled  for  September  1972  (Poznan,  Poland).  The  Proceedings  of  these 
Symposia,  which  are  referred  to  extensively  later,  essentially  present  the 
state  of  the  art  in  the  field.  Much  of  the  earlier  work  is  confused  by  poor 
technique,  and  the  interested  reader,  with  some  exceptions,  is  advised  to 
concentrate  on  the  period  since  1930.  There  is  more  than  enough  literature 
in  that  recent  period,  particularly  in  the  Symposia  proceedings  to  give  a  de¬ 
tailed  education  in  the  subject. 

The  mechanisms  which  limit  voltage  performance  in  vacuum  can 
be  broadly  classified  as  field  emission,  field  emission  initiated  breakdown, 
clump  initiated  breakdown,  and  microdischarges.  These  are  associated  with 
action  at  electrode  surfaces,  which  leads  to  Ihe  generation  of  vapor  locally 
wlien  a  specific  voltage  is  exceeded  and  then  vacuum  ai'cing  in  the  vapor. 

The  ultimate  requirement  for  electrical  brealtdown  is  a  local  temperature 
sufficiently  high  to  produce  the  vaporization  necessary  for  the  arc. 

Pield  emission,  which  is  discussed  briefly  in  Section  3,  can  not 
only  limit  voltage  performance  by  current  drain,  but  also  can  lead  to  com¬ 
plete  collapse  of  insulating  .strength  (vacuum  arcing)  through  its  contribution 
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to  one  of  several  possible  breakdown  mechanisms.  In  1928,  Fowler  and  Nord- 

( 5} 

Iteirn,  using  the  newly  developed  quantum  mechanics  theory,  developed  an 
expression  for  electron  field  emission  current  <I)  which  can  be  simplified  to 


I  -  AE^ 


(1) 


where  E  =  electric  field  strength 

A  =  constant,  depending  on  the  emitter  area 
B  =  constant,  depending  on  the  work  function  of  the  cathode 
surface 

The  exponential  term  in  expression  (1)  is  dominant,  and  with  pure  field  emis¬ 
sion  a  plot  of  log  I  versus  1/V  for  an  electrode  system  is  usually  linear.  Even 
when  numerous  emitting  points  exist  on  a  surface  a  linear  plot  is  obtained, 
as  has  been  explained  by  Tomaschke  ct  al. 

F’rom  expression  (1),  using  the  appropriate  constants,  appreci- 

7 

able  currents  would  be  expected  at  fields  of  the  order  3  x  10  V/cm;  whereas, 

5 

normal  emission  is  ex[)erienced  at  macroscopic  fields  of  the  order  10  V/cm 
because  of  microscopic  stress  intensification  on  the  cathode  surface.  This 
intensification  is  usually  associated  with  micropi-ojections,  or  whiskers,  on 
the  surface,  and  it  is  usual  to  apply  a  enhancement  factor  ( t)  )  to  the  macro¬ 
scopic  field  to  account  for  emission.  A  value  3  =  500  is  a  good  design  as¬ 
sumption. 

At  small  gaps,  for  example  less  than  1  mm,  and  short  applied 
pulse  durations  (later),  it  can  reasonably  be  assumed  that  vacuum  breakdown 
is  ijiitiated  by  field  emission  (altliough  another  process  may  produce  the  field 
emission  site).  However,  at  larger  gaiis  and  with  continuous  voltage  or  long 

duration  pulses  there  is  ample  evidence  that  other  mechanisms  exist.  Re- 

(7)  («}  (9)  ,  ^  .  (10)  . 

rent  pajjcrs  by  Chatterton,  Rohrbach,  Mesyats  and  Davies  give  a 

insight  into  the  data  and  concepts  which  will  be  treated  more  briefly 
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To  begin  with  it  will  be  assumed  that  ultra  high  vacuum  conditions 
exist  (10  ^  torn  range  or  below)  and  that  there  is  an  absence  of  "significant" 
organic  contamination.  "Significant"  refers  to  the  presence  or  absence  of 
imperfect  electrode  surface  conditions  which  allow  microdischarges  to  exist 
(later). 


Cathode  initiated  breakdown:  In  this  case  breakdown  is  initiated 
by  the  vaporization  of  a  microprojection  or  whisker  on  the  cathode  due  to  in¬ 
tense  field  emission  from  the  projection.  The  vaporization  temperature  is 
achieved  by  the  combination  of  Joule  heating  and  the  Nottingham  effect  (in 
some  cases  at  higher  temperatures  the  Nottingham  effect  may  exert  a  cool¬ 
ing  influence). 

Anode  initiated  breakdown:  Here  breakdown  is  produced  by  melt¬ 
ing  at  a  spot  on  the  anode  duo  to  bombardment  by  the  electron  beam  associated 
with  an  emitting  point  on  the  cathode, 

Utsumi  and  Dalton^^*^  have  studied  the  factors  which  determine 
whether  cathode  initiated  or  anode  initiated  breakdown  occurs.  They  were 
able  to  develop  ranges  within  which  a  particular  type  of  initiation  occurred, 
these  ranges  being  a  function  of  the  field  intensification  (p)  and  the  gap  spac¬ 
ing  (Figure  7.1). 

Microparticle  initiated  breakdown:  This  mechanism  of  breakdown 
is  based  on  the  "clump"  hypothesis  first  expounded  by  Cranberg.  This 
assumes  the  existence  of  "loosely  bound"  microparticles  on  an  electrode  sur¬ 
face,  which  become  detached  under  the  action  of  the  electric  field  and  accel- 

(13) 

eratc  across  the  gap.  Slivkov  has  postulated  that  the  clumt)  must  have 

sufficient  energy  to  vaporize  itself  when  it  strikes  the'  oijposite  electrode, 

and  the  resultant  vapor  must  be  sufficient  to  start  a  gas  discharge.  Thest- 

0  62  5 

considerations  lead  to  a  relationship  V  =  Kd  ’  where  V  is  the  Irroakdown 

(14) 

voltage,  d  is  the  gap  spacing  and  K  is  a  constant,  Olendzkaya  has  sug¬ 
gested,  for  larger  diameter  particles,  that  breakdown  may  be  triggered  by 
a  small  discharge  between  the  particle  and  the  electrode  it  is  approaching. 
Thi.'re  is  various  evidence  confirming  that  "clumps"  exist  in  vacuum  gaps 
in  one  form,  f)r  anrrtiurr,  and  that  they  move  between  electrodes. 


-351- 


.ANODE  ^ 

CATHODE  TYPE  DOMINANT-^-» — ANODE  6  CATHODE  TYPES - i-.-^TYPE 

I  DOMINANT 


lO"’  10  ^  10"' 

SEPARATION  S  (cm) 


I'ii^ui  c  7.  1  'riiforeiical  anode  and  cathode  dominated  regions 
of  lieid  emission  initiated  breakdown. 


Combinations  of  the  above  mechanisms  can  exist  and  lead  to 
breakdown.  For  example^  Little  and  Smith^  ^  and  Biradar  and  Chatterton^  ^ 
have  found  craters  on  cathodes  caused  by  microparticle  bombardment.  Pro¬ 
trusions  at  those  craters  can  cause  field  emission  and  breakdown.  On  the 
other  hand  Davies  and  Biondi^ ^^^postulate  with  considerable  theoretical  and 
experimental  justification,  that  breakdown  can  be  caused  by  the  avalanche 
amplification  of  current  in  the  vapor  produced  by  the  evaporation  of  an  anode 
microparticle  during  its  transit  to  the  cathode.  The  particle  is  heated  by  the 

electron  beam  which  initially  caused  its  detachment  from  the  anode. 

) 

It  has  been  shown  by  Rohrbach  and  others  that  different  time 
lags  exist  for  the  various  bi-eakdown  processes.  For  example,  because  of 
the  small  thermal  inertia  of  a  microprojection  the  delay  in  cathode  initiated 
breakdown  is  less  than  1  uS,  whereas  as  much  as  1  millisecond  is  required 
for  anode  initiated  breakdown.  Time  lags  in  the  range  1-100  uS  would  be  ex¬ 
pected  for  the  microparticle  initiation  process. 

Turning  now  to  the  "eontaminated"  situation,  which  is  a  com¬ 
mon  characteristic  ol  most  vacuum  systems,  it  is  essential  to  consider  the 

( 17) 

effect  of  absorbed  foreign  material  on  the  electrode  surfaces.  Contam¬ 
ination  on  the  catliode  will  product  confusing  and  varying  emission  data  -  for 
example,  in  parallel  experiments,  Kelsey  and  Tedford^'’^^  exainined  the  pre- 

br'oakdown  emission  current  in  two  systems,  one  oil  diffusion  pumped  with  a 

-7 

liquid  nilrogen  trap  at  about  5x10  torr  and  the  other  baked  and  ion  pumped 
at  about  10  lorr.  The  former  gave  variable  Fowler  Nordheim  plots  indi¬ 
cating  a  "  3  "  us  liigh  as  700,  whereas  the  latter  gave  good  plots  with  a  8 
about  100. 


Mcjrc  important  than  thi.s,  perliaps,  i.s  the;  propmi.sity  for  micro¬ 
discharge  generation  when  contamination,  usually  organic,  is  present.  A 
microdischurge  is  a  small  self-quenching  pulse  of  current  occurring  at  a 

.sp(--cific  tlire.shold  voltage  related  to  the  electrode  condition  and  having  a  total 
-7 

(  liai'gc  >  10  coulomb.?  lasting  50  Lisec  to  several  milliseconds.  It  most 
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oi'iiunonly  occurs  at  gaps  above  about  1  mm.  A  typical  pulse  is  shown  in 
Figure  7.2.  A  transient  increase  in  pressure  is  generally  observed  when 
microdischarge  occurs.  If  voltage  is  raised  carefully  so  that  the  pressure 
does  not  become  excessive  a  steady  increase  in  the  threshold  voltage  can 
usually  be  achieved  to  a  point  where  sparking  occurs. 

The  bulk  of  the  evidence  indicates  that  microdischarges  are  init¬ 
iated  by  ion  exchange,  although  most  of  the  current  is  electronic,  presumably 
because  of  the  high  secondary  emission  coefficient  of  electrons  by  ions.  A 
cumulative  mechanism  according  to 

AB  (2) 

is  indicated  wliere 

A  =  number  of  negative  ions  produced /positive  ion 
B  =  number  of  positive  ions  produced/negative  ion 

The  ions  involved  appear  to  be  predominantly  of  hydrogen,  and  experiments 

using  magnetic  fields  to  del'lc.'ct  the  electron  current  have  shown  that  initiation 

is  related  to  the  ions,  not  the  electrons.^  Goldman  et  al^^^^  have  monitored 

the  transient  development  of  microdischarges  at  voltages  below  50  kV  and 

found  that  initially  tlic  charge  cari-iers  are  predominantly  electrons,  but  as 

the  process  tlevelops  there  is  a  change  to  ions  pi'cdominating,  which  seems 

(21) 

to  conflict  with  the  aljove  mechanism.  Also,  some  data  indicates  that 

parlicle.s  much  heavier  than  hydrogen  ions  are  involved  ii:  the  microdischarge, 

■SO  that  at  tln'  present  tirne  the  mechanism  which  initiates  the  microdischarge 

(22) 

is  in  question,  Mea.surements  have  been  made  by  Smith  on  the  eoc'fficients 
A  and  B  inider  applied  voltage  pulses  at  higher  levels  (>>  100  kV),  and  a  pro- 
dm:t  .AH  ju.st  aljovc  1  obtained. 

hi  large  systems  which  have  to  support  very  high  voltages  in 
v-'icuutn,  for  i.'xaniplc  velocity  separators,  it  is  uneconomic  to  have  ultra 
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high  vacuum,  and  surface  conditions  exist  which  produce  microdischarges 
associated  with  various  areas  in  the  system  -  the  integrated  effect  of  the 
pulses  appearing  as  a  relatively  steady  loading  on  the  supply  whem  the  thres¬ 
hold  voltage  is  reached.  As  noted  earlier,  this  thresliold  voltage  can  be 
raised  l:y  controlled  t:onditioning.  Also,  operation  at  a  specific  gas  pres- 

_3 

sure  just  below  the  gas  diseharge  region  (c.g.  10  torr)  makes  a  very  sign¬ 
ificant  increase  in  tlic  thresliold  voltage.  Presumably  the  re.sidual  gas  atoms 

interfere  willi  tin;  inultiidc'  ion  transits  required  lo  initiali;  the  microdis- 

(2  3) 

chai-ges.  Tinguely  et  Lil  describe'  thi'  li'e-iiuique  tliey  us('  in  achieving  a 


working  gradient  of  700  kV  aci'oss  7  cm  in  a  2  meter  separ-ator  at  CkUN 

-  4 

(pressure  7.  10  torr  of  hefiuin-neon  mixtui'e).  t)peration  at  higlier  gas 

pressure  ran  also  be  usetl  to  mluee  fiehl  I'lnilting  inicroprojectiotis  on  the 

cathode,  or  local  contamination  ievc;ls,  i>y  ton  spuitering  (Figure'  7.3).  The 

ions  are  proeluce'el  in  the  gas  e-iose  fo  the;  emilling  peiini  by  the  electrons  from 

,  .  (2'1, 25,20) 

the  point.  This  has  lu'cn  irc'ateel  by  several  investigators. 

From  the  abeive;  diseussiun  it  is  obvious  that  e'lee-trodc  male' rial 
and  its  surface;  coneliliem  are'  eif  critical  iinpeirtancc  in  vae-uum  insulation. 

To  minimize;  surface;  eontaminaliun  il  is  desirable'  to  use-  "ede'un"  pumps. 


such  as  turbomoleeadar  or  ion,  ratlu'r  than  oil  diffusion  puini).s,  anel  sources 


of  organic  contamination  in  the  system  should  be'  e'liminutod  eir  iiiini- 
(2327) 

mized.  ’  The  exceptiein  lo  tliis  is  wliere  vedt.age  is  applied  in  ve'ry 
fast  pulses,  less  than  1  in  eluration  pe'rhaps,  in  whieli  case  e-onlamina- 
tion  is  of  less  eonee.'rn. 

Mulcaliy  and  his  ceilioagues  have  conducteel  e'xtensive  e  xperi- 

ments  ai  voltages  uji  fo  300  kV  at-  10  lore  in  a  hake'aiile;  vacuum  system 

(2)1 ) 

to  provide  design  information  for  high  power  lubes.  These  e'xpcriments 

were  statistically  designed  and  controlled  to  determine  the  imporlan'.  factors 
in  vacuum  breakdown  and  their-  interaction.  Table  7.  1  shows  these  factors 
with  recommendations  for  tube  (and  other)  designers. 
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Uodioi  disionce  (l’•.cfull'i) 


Figure  7,.S  Schomalic  fupresenlat  iun  ol'  .selective 
ion  bombai'drneiu  of  u  one  micron  cm)  projecUon 

Calculated  equipotentials  are  shown  for  an  average 
electric  field  of  x  lO'"^  V/cm. 


Table  7.  1  Factors  and  effects  in  vacuum  insulation. 
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Table  7.  1  (Continued). 


In  the  following  sections  the  general  features  of  vacuum  insula¬ 
tion  will  be  treated  under  Section  7.2,  Continuous  Stressing,  largely  because 
most  of  the  studies  have  been  made  with  dc.  Where  exceptions  or  differences 
exist  for  alternating  or  pulsed  voltage  conditions  they  will  be  discussed  in  the 
appropria+e  sections. 


7 . 2  Continuous  Stressing 

7.2.  1  Breakdown  Across  Unbridgod  Gaps  With  Continuous  Voltage 

In  considering  LIk?  relationship  of  brcaJrdown  voltage  to  gap  spac¬ 
ing  it  can  be  stated  to  a  vei'y  rough  approximation  that  the  voltage  varies 

linearly  with  gap  below  aljoul  1  mm  and  with  the  square  root  of  the  gap  above 

(29) 

that  value.  Figure  7.4  shows  a  compilation  of  experimental  data  .  With 

good  technique  stresses  of  I  MV/cm  can  be  insulated  across  1  mm  over 

2 

small  areas  (^.^20  cm  )  and  0.  13  MV/cm  across  6  cm  with  slightly  larger 
2 

area  (~600  cm  ) . 

Data  sucli  as  those  shown  on  Figui'i'  7.4  have  tij  be  usinl  with  cai'e. 
since  in  many  instances  the  experimental  conditions  are  not  explicitly  known 
and, as  has  already  been  indicated,  they  can  strongly  in'luence  performance. 
Also. in  many  cases, the  data  represent  the  maximum  voltage  which  could  be 
achieved  -  often  after  long  pei’iods  of  conditioning,  and  the  values  do  not  repre¬ 
sent  a  useful  operational  level. 

McCoy  ct  in  a  progr2un  to  develop  vacuum  insulated  electro¬ 

static  generators  where  operating  gaps  have  to  be  small  (<  1  mm),  have  re¬ 
ported  on  the  effect  of  metallurgy  in  vacuum  insulation.  The  data  they  report 
is  the  maximum  voltage  which  can  be  supported  for  5  minutes.  Vacuum  con¬ 
ditions  were  reasonably  free  of  organics  (mercury  diffusion  pumps  with  liquid 

—7  -6 

nitrogen  traps  and  pressures  5  x  10  torr  to  1  x  10  torr).  Figure  7.  5 
shows  the  insulation  strength  obtained  foi-  commonly  available  stainless  steels. 
Curve  1  shows  performance  with  electrodes  which  were  not  given  a  final  wipe 


VOLTAGE  (KV) 


A. 

B. 

C. 

D. 

E. 


o.l  1.0  10  100 

GAP  IN  mm 


Rof,  13,  st«el  elQctrodes,  area  ~  1  cat*,  broakdown  voltago. 
Ref.  4)  steel  electrodes,  area  »  I  irisulatlou  strength. 
Present  experiments,  steel,  area  '•:=  20  cni>  (traces  of  dust), 
Insulation  strength. 

Present  experiments,  steel,  area  »20  ctnv  (riondusty). 
Insulation  strength. 

RM.  14,  molybdenurn,  outgassod  ut  1400  C,  area  <  I  cm*, 
bdv. 


F.  N«f.  It),  rnolybdonum,  outgassod  to  bright  red  heat,  area 

<  1  cni»,  bdv. 

U.  and  H.  Model-generator  gap. 

I.  Present  experiments,  Inconel,  area  ^20  ctnh  Insulation 
strength. 

J.  Present  experiments,  nrckol,  area— 20  ch^*)  insulation 
strength. 

K.  Present  exporlrnonts,  AM-J&S  Alloy, area^20  ctn‘)  Insulation 
strength. 


Figure  7.4  Var-uum-breakdown  voltages  and  insulation  strength. 
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Figure  7.  5  Voltage  insulated  vs  gap  for  303  &  304 
stainless  steel  electrodes. 


wiili  lens  paper  before  pumpriown.  Tables  7.2  and  7.3  show  ihe  strengths  for 

various  high  strength  alloys  indicating  the  impor  Lance  of  composition.  Surface 

finisli  also  is  important  (Figure  7. 6).  It  is  worth  roting  that  because  this 

work  was  aimed  at  the  development  of  a  high  speed  generator,  the  interest 

was  concentrated  on  materials  with  a  high  strength  to  weight  ratio,  which  led 

to  the  examination  of  titanium  alloys.  The  favorable  indications  (Figure  7.  6) 

were  noted  by  other  investigatoi-s,  and  titanium  alloy  electrodes  ai  e  now  a 

(27) 

critical  feature  of  high  gradient  accelerator  tubes.  IVIcCoy  and  his  co¬ 
workers  conc.'luded  that  where  high  field  supporting  surfaces  had  to  be  formed 
from  liigh  strength  materials  the  following  should  he  observed: 

(1)  Maleruals  should  have  a  minimum  of  non-conducting  par¬ 
ticles  dispersed  throughout  the  metal  matrix.  This  can  be 
accomplished  by  choosing  allotropic  transformation  type 
alloys  to  r'educe  precipitates,  and  by  specifying  vacuum 
moiled  materials  to  reduce  impurities, 

(2)  Electrodes  should  be  given  a  vei'y  fine  polish  using  metallo- 
graphic  techniques  to  produce  surface  finishes  less  than 

2  u  in  rms. 

(3)  Anoile  material  should  lie  chosen  with  as  much  care  as 
cathode  malcrual.  A  high  temperature  material  is  pre¬ 
fer’  re  d . 

(4)  The  material  should  be  as  hard  as  heal  treatment  and/or 
cold  working  will  allow. 

This  paper  also  descrilres  good  finishing  and  cleaning  lechnique. 

In  the  course  of  a  study  of  breakdown  mechanisms  at  higher  voltages, 
Kohrbach^'^  has  determined  the  threshold  voltage  for  microdischarges 
and  other  discharges  for  stainless  steel  in  ultra  high  vacuum  conditions  (Fig- 

5 

ure  7.7).  Results  before  and  after  the  tests  (10  discharges)  are  shown  and 

( 32) 

are  in  r-easonable  agreement.  Huguenin  and  his  colleagues  have  examined 
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Table  7.2  Insulation  strengths  obtained  using 
buff  polished  high  strength  alloy  electrodes, 
gap  =  1  mm 


Eluctrodc  Material 

304  .Stainless  Steel 

Udimet  A 

liK:uncl-7J8 

303  Stainless  Steel 

Inconel 

Inconel-X 

Haynes -25 

Udi  niel  -41 

Haslalloy  13 

Mullimct 

AM-35r> 


Insulation  Strength 
(kV) 

60 
55 
50 
43 
4  3 
40 
24 
23 
15 
10 

60 


Table  7,3  Insulation  strengths  obtained  using 
metallographically  polished  allot l  opic 
transfoi’mation  type  alloys, 
gap  =  1  mm 


illcetroclo  Material  Insulation  Sfreiigtli 

(bV) 

AM-355  75 

Ti-7Al-4Mo  110 
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Vacuum  Melted  vSolution  Annealed 
Ti-7AI-4Mo 


Surface  Finish  (/xin.  rms) 


Figure  7.6  Insulation  strength  as  a  function 
of  electroOe  surface  finish 


Figure  7.7  Insulation  of  continuous  voltage  and 
threshold  for  microdischarges  and  breakdown. 


the  insulation  strength  between  titanium  electrodes  up  to  850  kV  with  the  re¬ 
sults  shown  in  Figure  7,  3.  In  this  case  the  voltage  plotted  is  that  giving  a 

_7 

current  less  than  10  A.  The  best  results  are  20  MV/ mat  1  cm,  18  MV/rn 

2 

at  3  cm  and  13  MV/ mat  6  cm.  The  electrode  area  was  about  ROD  cm  and 
-7 

the  pressui-e  10  torr. 

Tliere  are  several  tei;hniques  which  can  be  used  to  improve  the 
performance  of  vacuum  gaps.  In  one  of  these,  already  discussed,  the  pres¬ 
sure  is  raised  either  to  raise  the  microdischarge  threshold  (at  higher  volt¬ 
ages)  or  to  spu'ter  down  emitting  protrusions  (at  lower  voltages).  As  might 
be  expected,  the  increase  in  the  microdiscliarge  Ihreshold  is  an  instantaneous 
effect,  and  the  sputter  reduclion  takes  time.  An  improvement  similar  to  that 
obtained  on  the  microdischarge  threshold  by  pressure  increase  can  be  ob¬ 
tained  by  pi'Olecling  one  electrode  surface  by  a  grid,  biased  to  suppress  sec- 

( 3  3) 

ondaries  from  the  surface  it  is  proiecling.  Arnold  has  discussed  this 
effect  briefly  with  regard  to  tests  on  a  positive  bushing  in  vacuum.  The  grid 
used  was  aboul  05%O(ien  aivl  spaced  altout  2  cm  from  the  surface  it  was  pro¬ 
tecting,  Application  of  a  supi>russing  bias,  i.e.  more  negative  than  the  sur¬ 
face  it  protects,  or  vice  versa, gives  an  immediate  large  increase  in  tlie  load¬ 
ing  Ihreshold  voltage  ('Pable  7.4).  A  bias  voltage  of  less  than  1  kV  is  suffi¬ 
cient,  Arnold  attributed  the  improvement  to  an  efi'ective  reduclion  in  area  of 

(3  4) 

the  stressed  surfaces  (below).  More  recently.  Smith  has  experimented 
with  electrodes  made  with  wires  with  encouraging  success,  perhaps  for  sim¬ 
ilar  reasons- 


The  reduction  in  insulation  strength  with  increasing  area  is  as 


evident  in  vacuum  as  in  other  highly  stressed  dielectrics. 


Denholm 


(35) 


has 


reported  information  on  this  effect  for  304  .stainless  steel  and  titanium  alloy 
at  1  mm  gaps  (Figui-e  7.  9),  and  Simon  and  Michelie for  larger  gaps  and 
correspondingly  higher  voltages.  Their  data,  shown  on  Figures  7.  10  and 
7.  11  is  for  cathode  and  anode  of  stainless  steel  (Figure  7.  10)  and  cathode  of 
anodized  aluminum  and  anode  oi  stainless  steel  (Figure  7.  11).  Performance 


-.♦crelectrode  Distance  d  (cm) 


Table  7. 4  Vacuum  breakdown  voltage  V  in  kV  for  a  bushing 
at  ambient  pressure  p  torr,  utilizing  voltage  biased  grids. 


Ti-7AI-4Mo  (optically  polished) 
^Ti-7Al-4Mo  (buff  polished) 


V 


rVigh  pressure  torr)  II  Electrodes  with 

,,onstant  field  Profije.  ^  electrodes. 

_  Low  pressure  (p  torr; 


Gap:  10  mm 


-0.  10 

LJ  ^  kA 

Cathode;  stainless  steel 
Anode;  stainless  steel 


litfect  of  eleetrod('  area 


,7,10  Eft'e 


-j — 1 — 1 — T  4  BOO 

- 40  (iO 

,  Lmihode.  SS  and  anode  MS) 

je.t  of  elei’l rude  areas  tcatnocu.. 


torr)  II  Electrodes  with 

constant  i  plane  electrodes. 

Low  pre.ssuie  tp  ~lh  I'l*.  1 0  ni m 


Gap:  10  mm 


U  =  kA 

Cathode:  oxidiaed  aluminum 
Anode:  stainless  steel 


Gap:  0  nim 


LfC'ct  of  eleetrode  area 


- a - 6< 

E„.ct  or  oKidl.ed 

“  aluminum,  and  anode  hb). 


for  both  the  high  vacuum  (10  torr)  and  optimized  pressure  (10  torr)  condi¬ 
tion  is  shown.  Comparing  Figures  7,9,  7.  10  and  7.  11  it  can  be  seen  that  the 
area  effect  is  more  severe  at  the  smaller  gaps  (higher  stresses),  and  least 
severe  with  the  anodized  cathode. 

Dielectric  coated  ca.thodes  were  pioneered  at  MET,  particularly 
(37) 

by  Jedynak  who  showed  that  breakdown  voltage  could  be  increased  by  as 
much  as  70%,  and  prebreakdown  current  reduced  by  2-4  orders  of  magnitude, 
by  the  application  of  a  dielectric  film  to  the  cathode  surface.  Jedynak' s  arti¬ 
cle  discusses  the  theory  which  supports  the  breakdown  voltage  improvement, 
based  on  the  suppression  of  field  emission  by  the  dielectric  film.  Analyzing 
his  results,  and  theoi'y,  he  provided  the  following  specifications  for  the  cath¬ 
ode  film: 

(1)  Resistivity  of  at  least  10^^  ohm- cm. 

(2)  Dielectric  constant  as  high  as  obtainable  consistent  with  the 
other  requirements. 

0 

(3)  Dielectric  strength  of  at  least  10  volts/cm. 

(4)  Film  thickness  between  10-25  microns. 

(5)  Mechanically  hard  and  smooth  with  high  abi’asion  resistance 
and  high  adhesion  strength. 

(G)  No  gas  bubbles  within  the  film.  However,  experiment  shows 
that  bubbles  much  smaller  than  the  film  thickness  can  be 
tolerated. 

(7)  Low  vapor  pressure  and  low  moisture  absorption. 

(8)  Chemically  resistant  to  attack  by  water  and  solvents. 

Further,  the  cathode  substrate  should  be  brought  to  a  mirror  finish  before 

( 38) 

application  of  the  film.  Be  lin  and  Trump  have  examined  the  effect  of  dielec¬ 
tric  coatings  in  strongly  nonuniform  cathode  fields  and  at  1  mm  uniform  field 
gaps.  The  dramatic  effect  of  coating  a  negative  point  is  shown  on  Figure  7.  12, 
and  Table  7.  5  shows  the  performance  of  coated,  uniform  field  gaps.  It  can  be 
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Fi;;ure  7,  12  Typical  bare  and  i;oaled  cathode  performance 
in  nonuniforin  I'ioltl. 


Table  7.  5  Typical  bare  and  coated  cathode  performance 
in  uniform  field  at  1  mm  gap. 


CATJIODE 

COATING 

Pirst 

Spark 

KV 

Maximum 

Steady 

Voltage 

KV 

Final 

Dreokdown 

Voltage 

lev 

Emio.sion  Current  in  Amporos 

Prior  to 
I'irst 

S]>a  I'k 

Nene 

Stainless  Steel 

2fJ 

55 

50 

3  X  10 

10-' 

1 

0 

■H 

None 

Miunintuii 

36 

4‘'.» 

44 

1  X  10~^0 

10“^ 

10”5 

SiOp 

Stainless  Steel. 

50 

40 

30 

<  10“^° 

10-^'' 

10"^ 

Aluunitui 

Altunliuim 

6/, 

45 

20 

6  X  10“'^ 

10"'^ 

10"^ 

Epoxy 

Stainless  steel 

56 

40 

30 

0 

I 

0 

10"^ 

10“^ 

-5 

Note:  Aiiale  in  all  aoces  was  type  304  Stainless  Steel,  Pressure  1  x  10  torr 
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seen  that  the  performance  of  alumina  on  aluminum  is  relatively  impressive, 

particularly  with  regard  to  the  first  spark. 

The  group  at  CERN  have  utilized  anodized  aluminum  cathodes 

(23  39) 

extensively  to  give  high  performance  in  their  separators.  ’  Reference 
39  describes  the  process  used  to  provide  the  alumina  layer.  Figure  7.  13 
shows  the  performance  of  20-cm  diameter  electrodes  with  and  without  cath¬ 
ode  coatings  both  at  high  vacuum  and  at  the  optimum  pressure.  It  can  be 
seen  that  there  is  a  gain  with  dielectric  coatings  both  at  high  vacuum  and 
when  operated  at  higher  pressure  (10  ^-10  ^  torr).  The  plot  also  again  shows 
the  superio,rily  of  titanium  alloy  over  stainless  steel  (304). 

Another  form  of  dielectric  cathode  surface  is  obtained  by  using 
glass  cathodes.  ^  These  are  successfully  employed  in  the  velocity  separ¬ 
ators  at  Lawrence  Radiation  Laboratory,  and  are  run  hot  (105*^  C)  so  that  the 
glass  resistivity  is  reduced  to  about  4x10^  ohm  cm.  These  separators  (15  feet 
long,  electrodes  12  inches  wide)  operate  at  625  kV  across  2-4  inch  gaps. 

The  effech  of  contamination  of  the  organic  kind  has  already  been 
discusseo.  It  can  be  removed  at  some  expense  by  using  a  completely  organic 
free,  bakeable  system  (metal  O' rings,  ion  or  turbo  molecular  pumps  etc.) 
and  operating  at  ultra  high  vacuum.  However,  another  form  of  contamination, 

which  in  many  cases  is  e.ssentially  present,  is  that  due  to  evaporation  from 
(41)  (42) 

oxide  cathodes.  Staprans  notes  that  typical  cathode  areas  are  aboiat 

100  square  centimeters,  and  that  the  critical  gap  is  usually  between  the  focus 

electrode  and  the  anode,  at  several  centimeters  from  the  low  work  function 

emission  cathode.  The  emitter  is  usually  a  tungsten  barium  dispenser  type 

(42) 

or  of  barium  oxide  coaled  nickel.  Staprans  has  provided  a  valuable  colla¬ 
tion  of  stress  data  from  operating  tubes,  according  to  whether  the  gap  exper¬ 
iences  dc,  long  pulse  (  100  iisec),  or  short  pulse  (<  10  psec).  The  data, 

shown  on  Figure  7.  14,  show  that  on  the  average  the  short  pulse  operation  is 
significantly  better  than  dc  operation,  by  a  factor  of  2  perhaps.  The  relative 
pcr-formance  for  long  pulse  operation  is  not  so  obvious,  but  Stapran  makes 
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L«DISTANCEIN  METERS 


Figure  7.  14  Voltage  holdoff  properties  of  some  tubes 


(44) 

certain  assumptions  in  pursuing  tube  design  optimization.  Mulcahy  and  Bolin 
have  examined  the  effect  of  barium  contamination,  noting  a  significant  fall  in 
breakdown  voltage  when  a  barium  cathode  was  operated.  Voltage  deterioration 
was  particularly  severe  when  high  energy  discharges  occurred  between  the 
electrodes  in  the  presence  of  barium  contamination. 

Another  factor  which  can  be  important  to  performance  is  the  pre¬ 
sence  of  magnetic  field,  and  its  interaction  with  charged  particle  movement 
in  vacuum  can  be  rather  complex,  particularly  where  dielectric  stand  offs 

are  involved.  Germain  et  al  have  examined  the  case  of  a  quadropole  electric 
(43) 

field,  noting  that  electron  streams  are  concentrated  along  field  lines  thereby 

enhancing  the  power  density  al  the  anode.  In  this  case  reduction  of  voltage 

performance  because  of  the  magnetic  field  v/as  not  a  major  problem,  if  care 

was  taken.  Witli  crossed  field  separators  operating  al  200-300  gauss  it  is 

found  necessary  to  first  establish  the  electric  field  before  applying  the  mag- 
( 45)  ■■ 

netic  field.  In  reference  (28)  it  is  noted  that  applying  a  magnetic  field 
(to  500  gauss)  transverse  to  the  electric  field  slightly  raised  the  breakdown 
voltage  for  gaps  less  than  1  cm  and  .slightly  lowered  it  for  gaps  more  than  1 
cm.  Experiments  with  a  magnetic  field  parallel  to  the  electric  field  could 
not  be  conducted  because  the  magnetic  field  produced  flashover  of  the  insulat¬ 
ing  bushing  at  a  very  low  voltage  level. 


7.2,2  Flashover  Across  Dielectrics  with  Continuous  Voltage 

As  with  gas  and  liquid  dielecti'ics,  the  bridging  of  a  gap  in  vacuum 

with  a  solid  insulator  lowers  the  insulation  strength.  Hawley  has  published 

(45) 

a  comprehensive  review  of  solid  insulators  in  vacuum  as  of  1968.  The 

negative  end  of  the  insulator  is  by  far  the  more  important,  as  has  been  shown, 
for  example,  by  Kofoid^"^^^  and  Coenraads  et  al.  To  achieve  good  tlash- 
over  performance  it  has  been  found  essential  to  have  intimate  contact  between 
the  negative  end  of  the  insulator  and  the  metal  electrode,  or  to  shield  the 
junction  to  reduce  the  stress.  In  fact,  both  conditions  are  desirable. 
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Figure  7.  15  shows  a  plot  of  voltage  performance  versus  length  across  alum¬ 
ina  ceramic  cylinders  where  care  was  taken  to  have  intimate  contact  by  silver¬ 
ing  the  insulator  ends  and  the  terminal  stress  was  reduced  by  an  internal 
shield/^'^^ 

An  electron  beam  detlection  technique  has  been  used  by  de  Tourreil 
and  Srivastava^ to  show  that  the  insulator  surface  acquires  a  stable  and  re¬ 
latively  uniform  positive  charge  in  a  time  much  less  than  a  minute  -  the  charge 
remaining  for  days  after  the  voltage  is  removed  unless  the  pressure  is  raised 

.  3 

to  5  X  10  torr.  They  suggest,  as  have  others,  that  this  charge  exists  be¬ 
cause  of  the  secondary  emission  of  electrons  from  the  dielectric  surface. 

The  choice  of  insulator  materials  for  use  in  vacuum  tends  to  be 
limited  to  the  inorganics,  for  example  electrical  porcelain,  alumina  or  glass 
(usually  pyrex);  more  because  they  are  not  a  source  of  contamination  to  the 
rest  of  the  system,  rather  than  because  of  their  superior  llashover  perform¬ 
ance.  There  are  obvicus  advantages  if  organics  such  as  Incite  or  epoxy  can 
be  used  as  a  vacuum  insulator,  and  under  fast  pulse  conditions  (latei'),  where 
contamination  does  not  detract  significantly  from  vacuum  gap  peid'ormance 
they  are  frequently  used.  For  de  conditions  where  optimum  overall  system 

performance  is  required  the  knowledgeable  designer  cdiooses  inorganic  insu- 

(49  50) 

lation.  Srivaslava  et  al  ’  have  studied  the  llashover  of  unglazed  porce¬ 
lain,  alumina  and  pyrex  al  voltage  up  to  400  kV,  and  all  performed  similarly. 
However,  in  the  long  term,  porcelain  gave  more  tioublc,  probabl,;  because 

of  porosity.  With  the  insulators  recessed  into  the  elec-trodes  400  kV  could 

(39) 

be  supported  across  11.  5  cm.  Germain  el  al  has  determined  that  with 
proper  fabrication  techniques  250  kV-300  kV  can  be  supporfeci  across  4  cm 
of  porcelain,  alumina  or  steatite.  He  noted  that  it  is  impoi’tant  that  the  in¬ 
sulators  be  unglazed. 

(51) 

Shannon  et  al  have  examined  many  shapes  of  pyrex  (borosilicate) 
glass  to  determine  the  best  form  of  accelerator  tube  ring.  Results  for  25  mm 
long  samples  carefully  horded  to  stainless  steel  electrodes  with  polyvinyl 
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Voltage  Insulated 


acetate  are  shown  on  Figure  7.  16.  fixperiments  were  also  conducted  to  deter¬ 
mine  resistance  to  spark  damage. 

The  use  of  shields  to  reduce  the  stress  at  the  negative  termination 

( 52) 

has  been  widely  employed.  Finke  has  experimentally  studied  the  optimum 
position  and  clearances  for  a  negative  end  shield  using  a  spherical  shape.  An 
example  of  the  improvement  in  perfoi-mance  which  can  be  achieved  is  shown 
on  Figure  7.  17. 

For  the  highest  voltage  applications  it  is  advisable  to  break  the 

insulator  surface  into  sections,  controlling  the  voltage  experienced  by  each 

section.  This,  of  course,  is  standard  pracli(;e  in  accelerator  tubes.  Britton 
( 53) 

et  al  have  used  tills  technique  to  design  a  v3<-uum  bushing  which  supported 
1  MV  across  a  30  cm  length. 


7.  3 


Alternating  Stressing 


Comparatively  little  work  has  been  reported  on  the  strength  of 
vacuum  gaps  under  alternating  voltage  conditions.  At  power  frequencies, 
bearing  in  mind  the  relatively  short  time  constants  of  the  various  breakdown 
mechanisms  which  have  been  proposed,  it  would  be  expected  that  the  peak 
bi-eakdown  voltage  would  correspond  to,  or  be  slightly  larger  than,  the  dc 
breakdown  voltage.  Il  is  worth  considering  the  tact  that  polarity  reversal 
occurs  in  the  ac  case,  and  that  conditioning  by  sparking  or  microdischarge 
loading  is  a  common  technique.  For  example,  an  anode  damage  region  be¬ 
comes  a  cathode  region  in  tlie  next  half  cycle,  and  vice  versa.  In  comparing 

dc  and  ac  data  it  should  also  be  remembered  that  circuit  impedance  charac- 

( 54) 

teristics  can  be  quite  differ'ent  (discharge  energy),  Denholm  has  exam¬ 
ined  the  d(',  ac  and  impulse  strength  of  typical  engineering  metals  at  small 

0 

gaps  in  an  oil  diffusion  pumped  vacuum  system  (~  10  torr)  with  the  results 

(55) 

shown  on  Figure  7.  18.  More  recently.  Erven  et  al  have  reported  60  Hz 
studies,  again  conducted  in  a  dynamically  pumped  system  but  at  larger  gaps. 
Their  breakdown  voltages  are  given  in  Table  7.  6. 
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Figure  7.  17  Effect  of  shielding  negative  junction  with  re-entrant 
sphere  flashover  voltage  of  standoff  insulation. 


CAP  Oiifn4 


Figure  7.  18  Maximum  breakdown  stresses  and  insulation 
strength,  steel:  (i)  impulse  voltage,  12/50  wavefoim; 
(ii)  alternating  voltage,  50  cps;  (iii)  direct  voltage, 
rate  of  rise  6  kV/second;  (iv)  insulation  strength 
(maximum  dc  voltage  for  zero  breakdown  in  1  hour). 


Table  7.  6  60  Hz  breakdown  voltages. 


0.  5  cm 

1. 0  cm 

Titanium 

140  kV  rms 

— 

Stainless  Steel 

110 

150 

Aluminum 

100 

150 

Chromium  Coppei' 

95 

130 

Copper  (OFHC) 

85 

125 
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The  ranking  of  metals,  as  in  Denholm's  studies,  is  essentially  the  same  as 
the  dc  case. 

The  60  Hz  and  21.  5  MHz  breakdown  between  tungsten  electrodes 

(56) 

has  been  studied  experimentally  and  theoretically  by  Kustom.  His  data  at 

60  Hz  (for  tungsten)  are  somewhat  higher  than  for  that  given  by  Ervin  (Table 

7.  6),  even  for  titanium,  perhaps  because  of  the  small  size  of  his  electrodes 

(1.  4  cm  diameter).  A  comparison  of  Kustom' s  60  Hz  and  21.5  MHz 

(57) 

data  is  given  in  Figure  7.  19.  Hill  has  conducted  rf  studies  at  30  MHz  be- 

-7 

tween  carefully  prepared  aluminum  alloy  electrodes  at  10  torr  in  a  turbo- 
molecular  pumped  system.  The  gap  range  studied  was  1-4  mm  and  he  con¬ 
cluded  that  the  breakdown  voltage  was  given  by 


V 


31  d 


0.7 


(3) 


where  d  is  the  gap  in  millimeters  and  V  is  the  voltage  in  kV  peak.  Lefebvre 
has  reported  on  the  conditioning  of  a  proton  linear  accelerator  operating  at 
200  MHz. 


Consider  now  the  problem  of  alternating  voltage  flashover  of  solid 
dielectrics  in  vacuum.  Little  has  been  done  at  power  frequency.  Kuffel  et 
al,  in  a  comparison  of  flashover  under  dc,  ac  and  impulse  voltage  condi¬ 
tions  found,  using  samples  of  plexiglass,  that  the  60  Hz  breakdown  voltage 
was  about  50%  below  the  dc  value.  This  suggests  that  a  charging  process  on 
the  dielectric,  which  takes  longer  to  stabilize  than  a  power  frequency  half 
cycle,  effectively  improves  the  field  distribution  in  the  dc  case. 

At  higher  microwave  frequencies,  the  flashover  of  dielectrics  in 
waveguides  at  high  power  is  a  well  known  problem.  This  has  been  discussed 
by  Hayes  and  Walker^^^^  for  titanium  dioxide  in  particular.  They  note  that 
improving  edge  contact,  as  discussed  earlier,  by  silvering,  and  glazing  the 
titania  has  a  highly  beneficial  effect  on  voltage  performance.  This  is  demon¬ 
strated  on  Table  7.  7,  which  shows  performance  at  3,  000  MHz. 
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ELECTRODE  SEPARATION- cm 


Figure  7. 19  Ratio  of  vacuum  breakdown  voltage 
at  21.5  MHz  to  60  Hz . 

Lines  show  ratio  expected  from  the  following  theories: 

Ion  Exchange  -  Breakdown  due  to  secondary  ion  emission  and  the 

cumulative  interchange  of  negative  and  positive  ions. 

Ton  Perturbation  ••  Breakdow'n  due  to  electron  emission  enhanced  by  the 

field  produced  by  positive  ions. 

Cathode  Vaporization  -  Breakdown  due  to  thermal  instability  at  an  electron 

emitting  projection  on  the  cathode. 

Anode  Vaporization  -  Breakdown  due  to  thermal  instability  produced  at  the 

anode  by  electron  bombardment. 
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Table  7.7  Vacuum  breakdown  in  a  titania-loaded  cavity. 


Electric  Intensity  at  the  Disc  Surface 


Peak  Power 

Maximum 

Maximum 

At  Breakdown 

Axial  Intensity 

Radial  Intensity 

kW 

kV/cm 

kV/cm 

Plain-titanla  disc 

1 

700 

214 

11.  3 

2 

620 

202 

10.7 

Glazed  disc  with 
silvered  edges 

1 

1550 

322 

17 

2 

1550 

322 

17 

Plain  disc  with 
silvered  edges 

1 

750 

224 

11.8 

2 

650 

187 

9.5 
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Pulsed  Stressing 


7.4.  1 


Pulsed  Breakdown  of  Unbridged  Gaps 


Studies  have  been  made  on  the  strength  of  vacuum  under  pulse 
conditions  both  to  clarify  the  mechanism  of  breakdown  and  because  of  cer¬ 
tain  important  devices  that  either  have  to  operate  pulsed  or  may  experience 
transients  during  service.  The  largest  appli<'ation  of  pulsed  voltage  in  vac¬ 
uum  is  probably  in  high  power  tubes  such  as  klystrons,  as  discussed  by  Stap- 
( 42) 

rans.  In  that  case  the  duration  can  be  as  short  as  a  few  microseconds. 

Another  application,  at  much  shorter  time  regime,  (tens  of  nanoseconds)  is 

(61) 

in  flash  X-ray  devices,  and  of  course  vacuum  devices  utilized  by  the  power 

( 62 ) 

industry,  such  as  switches,  have  to  withstand  the  standard  and  switching 
impulse  te.sts. 

A  vacutim  gap,  in  general,  can  withstand  significantly  higher 
stresses  under  pulsed  conditions  than  under  continuous  or  alternating  voltage 
conditions.  As  will  be  seen  later  in  this  section  the  reverse  can  be  true  for 
the  vacuum  insulator,  depending  on  the  duration  of  the  pulse.  For  the  gap 
case  the  performance  under  pulsed  stressing  improves  as  the  duration  of  the 
pulse  is  reduced,  and  the  following  discussion  starts  with  consideration  of 
the  longer  pulses  and  proceeds  to  the  shortest  examined  to  date  (subnano¬ 


second). 


Denholm'  had  indicated  the  relative  performance  of  small  gaps 


under  direct,  alternating  and  pulsed  voltage  conditions  under  "engineering 
vacuum  conditions,  i.  e.  with  oil  diffusion  pumping  and  with  pressure  in  the 
10  torr  range.  Unquestionably  in  this  type  of  vacuum  electrodes  are  sub¬ 
ject  to  significant  organic  contamination.  From  Figure  7.  18  it  can  be  seen 
that  the  impulse  (12/50  wave)  breakdown  voltage  is  about  double  the  continuous 

voltage  insulation  strength  (maximum  voltage  for  no  breakdown  in  one  hour). 
(42) 

Staprans,  at  larger  gaps  subject  to  contamination  by  low  work  function 
materials,  but  not  to  organics,  has  demonstrated  on  the  average  a  doubling 
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of  operating  stress  between  the  continuous  and  "shorter"  pulse  voltage  condi¬ 
tion.  This  shorter  pulse  duration  is  not  greater  than  10  |j,sec  and  probably 
not  much  less  than  5  g,sec.  The  relationship  he  derived  from  operating  tubes 
in  the  range  25-300  kV  subject  to  this  form  of  pulse  was 

V  =  6x10®  (4) 

max 

where  V  is  in  volts  and  L  in  meters.  The  areas  subject  to  this  stress  would 

2  2 

be  in  the  range  10-100  cm  .  and  the  adjacent  oxide  cathode  about  100  cm  in 

area. 

In  a  program  to  clarify  vacuum  breakdown  mechanisms.  Smith 
(63) 

and  Mason  '  have  examined  the  impulse  breakdown  of  a  2  cm  gap  between 

2. 

relatively  large  area  stainless  steel  electrodes  (~2,  000  cm  ).  The  vacutun 
conditions  were  typical  of  many  large  systems.  Pumping  was  with  a  20°  C 

baffled  oil  diffusion  pump  augmented  by  a  liquid  nitrogen  cooled  cylinder. 

“  6 

The  pressure  was  2x10  torr.  The  waveform  applied  had  a  risetime  of  4 
microseconds  and  a  discharge  time  constant  of  about  5  milliseconds.  After 
some  dc  conditioning  at  a  5  cm  gap  the  impulse  tests  were  conducted  at  2  cm. 
Breakdown  was  at  290  kV  which  compared  with  an  extrapolated  continuous 
voltage  value  of  185  kV.  It  was  noted  from  the  oscillograms  that  there  were 
three  types  of  breakdown  (Figure  7,20);  namely 

(1)  A  sharp  (complete)  breakdown  with  the  voltage  collapse  tak¬ 
ing  less  than  1  u,sec  and  with  a  time  lag  averaging  about  24 
microseconds  (Figure  7.  20  A).  A  few  time  lags  were  less 
than  4  ^sec. 

(2)  An  incomplete  breakdown  characterized  by  a  smooth  drop 
of  about  100  kV  over  a  period  of  10  ;xsec.  The  slope  of  the 
voltage  fall  corresponded  to  about  20  amperes  drawn  from 
the  impulse  generator  followed  by  a  flow  of  3  amperes  at 
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the  lowered  voltage  (Figure  7,20  B).  This  was  accompanied 

_  3 

by  a  liberation  of  gas  (/^l.  5  x  10  torr),  presumably  from 
the  electrode  surfaces. 

(3)  The  third  type  of  breakdown  appears  to  be  a  combination  of 

1)  and  2),  starting  as  2)  and  breaking  in  to  1)  (Figure  7.20  Q. 

The  breakdown  described  in  (1)  is  seen  as  a  bright  localized  spark  whereas  that 

(64  22) 

in(2)  is  a  diffuse, glow-like  discharge.  In  later  papers  '  the  authors  des¬ 
cribe  a  series  of  convincing  experiments  on  effect  b)  which  indicate  that  it  is 
due  to  an  ion  exchange  mechanism,  as  discussed  earlier,  with  a  product  AB  just 
greater  than  one. 

(8) 

Rohrbaeh  '  has  studied  the  impulse  breakdown  of  vacuum  gaps 

2 

(titanium  electrodes  of  area  ~80  cm  )  over  the  same  general  range  as  Smith 

-9 

and  coworkera  but  in  an  ultra  high  vacuum  bakeable  system((~10  torr), 
again  with  the  objective  of  elucidating  breakdown  mechanisms.  The  technique 
used  was  to  apply  a  300  kV  continuous  voltage  across  the  gap  then  to  super¬ 
impose  an  impulse  voltage  having  a  risetime  of  100  ns  and  a  decay  time  con¬ 
stant  of  132  ms.  In  this  way  a  total  voltage  up  to  700  kV  was  obtainable. 

Some  50,  000  pulsed  measurements  were  taken  and  analyzed  by  computer  to 
give  breakdown  probability  and  time  lag  at  different  gaps  and  total  applied 
voltage.  For  example,  at  8.  5  mm  the  50%  probability  of  breakdown  occurred 
at  550  kV  and  zero  probability  at  500  kV  (Figure  7,  21),  At  a  gap  of  9-10  mm 
there  was  a  transition  zone  and  at  larger  gaps  the  breakdown  field  fell  sign¬ 
ificantly.  Analysis  of  the  time  lag  distributions  suggested  the  existence  of 
three  mechanisms.  Very  short  time  lags  (0.  1-1.  0  ^J,sec),  independent  of  volt¬ 
age  and  gap,  are  characteristic  of  an  initiation  mechanism  based  on  cathode 
projection  vaporization.  Very  long  time  lags  (milliseconds),  linearly  depend¬ 
ent  on  the  gap  spacing,  are  characteristic  of  anode  vaporization.  Intermediate 
times  are  characteristic  of  discharge  initiation  by  microparticles.  The  trans¬ 
ition  gap  region  was  defined  as  where  the  three  mechanisms,  cathode,  anode 
and  microparticle  vaporization  are  more  likely  to  exist  simultaneously  at 
voltages  close  to  the  static  breakdown  potential  (rvjSOO  kV  at  10  mm). 
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V 

(kV) 


Figure  7.21  Discharge  probability  P, 

(Lines  show  voltage  levels  for  10  nA,  15  u  A  and  lOO  p,  A  currents,  and 
sparking  level.  Probability  of  breakdowns  at  the  specific  gaps  for  specific 
voltages  are  shown  by  the  small  probability  curves. ) 


-7 

Most  of  the  studies  at  very  short  pulse  durations,  less  than  10 

seconds,  have  been  conducted  in  the  USSR,  particulaily  by  Mesyats  and  his 

colleagues.  A  great  deal  of  information  on  breakdown  in  this  time  regime  was 

supplied  by  them  at  the  III  and  IV  International  Symposium  on  Discharges 

and  Electrical  Insulation  in  Vacuum,  and  is  reported  in  the  Proceedings.  More 

recently,  Mesyats  has  summarized  the  status  of  fast  vacuvim  breakdown  pro- 

{65} 

cesses  at  the  10th  International  Conference  on  Phenomena  in  Ionized  Gases. 

In  this  time  regime  (<1  psec  say)  breakdown  is  associated  with  the  explosion 
of  microscopic  projections  on  the  cathode  surface  amd  the  progress  of  the  re¬ 
sultant  plasma  flare  across  the  gap.  Mesyats  has  been  able  to  show  this  pro¬ 
cess  occurring  together  with  the  corresponding  current  growth  (Figure  7.22) 
associated  with  electron  emission  from  the  plasma  flare.  The  term  "explo¬ 
sive  emission"  has  been  coined  for  this  current  from  the  flare,  and  it  is  of 
particular  technical  interest  because  it  occurs  with  very  high  current  density 

and  with  high  voltage  still  existing  across  the  gap,  thus  making  possible  flash 

(61  66) 

X-ray  and  intense  electron  beam  devices.  '  Mesyats  discusses  the  emit- 

tar<  je  characteristics  of  such  diodes  in  reference  (65),  and  notes  that  for  5  ns 

9  2 

duration  pulses  a  current  density  of  4x10  A/ cm  has  been  achieved  without 
emitter  destruction.  He  also  states  that  emitter  destruction  occurs  over  a 

large  range  at  a  constant  product  of  the  square  of  the  current  density  and  the 

9  2  4 

pulse  duration,  namely  4x10  amp  sec/cm  . 

The  speed  with  which  tne  vacuum  gap  breaks  down  when  subject 
to  pulsed  overvoltages  (and  also  in  many  continuous  voltage  cases  is  deter¬ 
mined  by  the  velocity  of  the  cathode  flare  as  it  moves  towards  the  anode. 

This  has  been  measured'  ^  for  several  cathode  materials,  lies  in  the  range 
1,  5-3.  0  X  10^  cm/ sec,  and  is  relatively  constant  with  time  and  only  weakly 

dependent  or.  the  applied  voltage.  Mesyats^"”^  notes  that  2.  0  x  10^  cm/sec 

{ 6  V } 

is  typical.  Ravary  and  Goldman  have  examined  the  switching  (closing) 
time  of  negative  point  to  positive  plane  gaps  with  a  15  nanosecond  risetime 
pulse  generator,  and  concluded  that  for  gap  less  than  25  mm  the  closing  time 
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Figure  7, 22  Development  of  gap  luminosity  in 
nanosecond  breakdown  of  vacuum  gaps. 


was  proportional  to  the  gap  (~10  sec/cm  at  26,2  kV)  and  independent  of  the 
electrode  materials.  With  gaps  less  than  I  mm  their  results  agreed  with 
those  of  Mesyats. 

Finally,  at  very  short  duration  (down  to  10  sec)  Juttner  et  al^^^^ 

have  examined  the  production  and  destruction  of  emitters  on  extended  metal 

-9  (69) 

surfaces  at  10  torr.  Their  experiments  support  Jedynak's  observations 

that  whiskers  are  produced  by  discharge  vapors.  Below  a  critical  pulse  length 
(<2  ns)  the  production  of  new  emitting  sites  is  strongly  reduced,  and  condition¬ 
ing  with  such  short  pulses  can  reduce  the  breakdown  probability  to  zero. 


7,4.2  Pulsed  Flashover  Across  Dielectrics 

Tlie  llasliover  of  dielectrics  in  vacuum  depends  not  only  on  the 

( 59) 

pulse  duration  but  on  the  shape  (i.e.  risetime)  as  well,  Kuffel  has  exam¬ 
ined  the  effect  of  waveshape  and  compared  impulse,  alternating, and  continu¬ 
ous  voltage  performance  (Figure  7.23).  He  used  plexiglass  cylinders  of  25 
mm  diameter  and  lengths  between  5  and  20  mm.  The  ends  were  ground  and 
polished  then  plated  willi  a  layer  of  silver  to  give  intimate  contact  with  the 

terminating  electrode  system.  The  vacuum  system  was  pumped  with  a  liquid 

-7 

nitrogen  trapped  oil  diffusion  pump  and  the  ultimate  pressure  was  about  10 
torr.  To  get  reasonably  consistent  pulse  breakdown  voltages  it  was  neces¬ 
sary  to  first  condition  with  continuous  voltage  and  allow  about  30  minutes  be¬ 
tween  successive  breakdown.  Figure  7.23  shows  the  mean  performance  of 
5  samples.  Results  after  conditioning  were  reproducible  to  within +5%.  The 
standard  impulse  voltage  (fastest  wavefront  used)  gave  the  highest  tlashover 
voltage,  but  less  than  the  continuous  voltage  case,  as  shown  in  Figure  7.23. 
As  the  wavefront  duration  was  increased  to  80  nsec  the  strengtti  fell,  as 
illustrated  on  Figure  7,24,  then  started  to  rise  again.  This  effect  is  attrib¬ 
uted  to  space,  or  surface  charges  on  the  insulator. 

There  have  been  several  investigations  on  the  flashover  of  dielec¬ 
trics  under  shorter  duration  pulses,  mostly  in  support  of  flash  X-ray  tube 
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Figure  7.  24  Effect  of  surge  front  duration  on  FO  voltages. 
(Pressure  1  x  10"^  torr  sample  thickness  5  mm  and  10  mm). 


(70  71  72)  (70) 

design,  '  '  Smith  appears  lobe  the  first  to  publish  in  this  time  re¬ 

gime  and  note  the  beneficial  effect  of  insulator  shaping  in  the  form  of  a  coni¬ 
cal  frustum,  the  broad  end  being  negative.  Similar  studies  were  later  con- 

(71) 

ducted  by  Watson  and  Shannon  in  cooperation  with  J.  C.  Martin  at  AWhE. 

Figure  7.  25  shows  some  of  their  data  obtained  with  an  effective  pulse  dura- 

(73) 

tion  in  the  range  75-100  ns.  In  a  later  publication  Watson  propounded  a 

breakdown  theory  based  on  charging  of  the  insulator  surface  by  the  emission 

of  thermionic  electrons  generated  within  the  dielectric  by  the  electric  field, 

(72) 

and  electron  secondary  emission  down  the  surface.  More  recently,  Milton 
has  confirmed  and  significantly  expanded  the  earlier  studies  by  Smith,  Watson 
and  Shannon.  In  the  fast  pulse  r-egime  breakdown  is  insensitive  to  pressure, 
experiments  can  be  conducted  under  relatively  crude  vacuum  conditions,  and 
organic  insulators  are  practical  materials  for  many  applications,  Milton 
used  teat  samples  1.27  cm  long  in  the  shape  of  a  conical  frustumhavinga  base 

diameter  of  5  cm.  Specimens  were  sandwicdied  between  10  cm  diameter  alum- 

'  (74) 

inum  electrodes  finished  with  600  grit  aluminum  oxide.  Gleichauf  reported 

that  there  is  no  appreciable  difference  in  dielectric  tlashover  performance 

with  different  electrode  materiads. 

Two  waveforms  were  used  in  Milton's  experiments,  the  slower 

had  a  duration  of  10  psec  and  a  risetime  of  5  psec.  The  test  voltage  was  set 

so  that  breakdown  occurred  on  the  rising  portion  of  the  wave,  i.e.  within  5 

psec.  The  faster  wavefront  had  a  duration  of  100  ns  and  a  risetime  of  50  ns, 

chosen  to  resemble  the  wavefoi-m  applied  lo  large  electron  beam  accelerator 

tubes. 

With  the  longer  pulse,  test  voltage  was  limited  to  300  kV  by  vac¬ 
uum  flashover  of  the  test  chamber.  It  was  also  noted  that  improving  the  elec¬ 
trode  surface  finish  (e.g.  l/4-p  diamond  polish)  could  raise  the  performance 
of  some  samples,  such  as  lucite,  beyond  the  test  limit.  A  survey  of  the 
strength  of  many  common  dielectrics  was  made  using  a  frustum  with  a  base 
angle  of  45b  The  results  are  shown  in  Figure  7.26.  The  cast  nylon  performance 
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is  remarkably  good,  the  high  dielectric  constant  PZT  remarkably  bad,  and 
Teflon  could  willistand  only  one  breakdown  before  deterioration.  Figure  7.  27 
shows  the  performance  of  lucite  plotted  against  the  square  root  of  the  gap  dis¬ 
tance,  and  Figures  7,  28  and  7.  29  the  performance  of  various, materials  as  a 
function  of  cone  angle. 

Less  information  was  obtained  with  the  faster  100  ns  pulse  than 
with  the  5  us  riselime.  Figure  7.  30  shows  data  for  lucite.  The  minimum 
perl'ormancc  angle  notic:eably  shifts  from  0°,  with  the  longer  pulse,  to  -20° 
with  the  shorter,  in  general  agreement  with  Wat, son's  data,  and  the  fast  pulse 
flashover  strength  is  significantly  greater  than  the  slow.  It  was  noted  that 
the  ('onditioning  effect  (typi<'ally  over  10-15  pul.ses)  that  could  be  obtnined 
with  the  slower  pulse  was  relatively  small,  al)OUt  10%  cf  50%  for  the  fast 
pulse. 

7.  5  Design  Considerations 

As  noted  at  the  beginning  of  this  section  vacuum  dielectric  is  used 
as  an  insulanl  more  l)y  necessity  than  choice,  usually  where  the  unrestricted 
passage  of  charged,  or  uncharged,  particles  is  required.  Apart  from  the 
hazard  of  ractiation,  which  .should  always  t)e  considered  when  high  voltage  is 
associated  with  an  evacuated  volume,  vacuum  can  l)e  an  expensive  dielectric 
to  "achieve",  particularly  if  the  ultra  high  vacuum  regime  is  required.  It  is 
important  to  understand  where  very  low  pre.ssures  are  essential,  and  where 
they  are  not.  At  one  extreme,  with  pressures  of  10  ^  torr  or  less,  .systems 
are  completely  inorganic,  usually  bakeable  and  metal  gasketted,  and  expen¬ 
sive.  At  the  other,  pr-essur-es  as  high  as  10  ^  lorr  can  be  used  with  evacua¬ 
tion  by  clieap  untrapped  oil  diffusion  pumps,  or  even  good  rotary  pumps. 

Many  organic  materials  are  satisfactoiy  for  use  in  this  pressure  regime. 
However,  the  only  area  where  high  electrical  fields  can  be  achieved  in  such 
a  grossly  contaminated  situation  is  in  fast  single  pulse  applications  where 
the  duration  of  the  pulse  is  .short  compared  to  ion  movement  times,  e.  g.  in 
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Figure  7.27  Flashover  strength  versus  gap  distance  for  lucite. 
Pulse  risetime  about  5  gs. 


ANCIE  « 


Figure  7,28  Flashover  voltage  versus  angle  0  for 
some  insulators.  Pulse  risetime  about  5  |j,s. 
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Figure  7.29  Flashover  voltage  versus  angle  0  for  7740 
glass  and  crosslinked  styrene.  Pulse  risetime  about  5  ^,s 


Figure  7.  30  Flashover  voltage  versus  angle  e  for  lucite 
Pulse  risetime  about  50  ns. 


lo'.v  iinpedain-e  flash  X-ray  unila  haspd  on  explosive  emitter  technology.  Apart 
from  (his  time  regime,  the  best  advice  for  reliable  performance  is  to  utilize 
organic-free  systems  and  careful  high  vacuum  technique.  Often  other  factors 
besides  dielectric  performance,  such  as  sensitive  cathodes,  dictate  superior 
vacuum  i-equirements. 

The  lengths  which  should  be  taken  in  achieving  clean  vacjuuni  de¬ 
pends  on  the  application.  For  example,  in  an  experimental  situation  where 
long  conditioning  periods  and  occasional  breakdowns  may  be  tolerable,  a  sys¬ 
tem  with  a  well  trapped  diffusion  pump  and  organic  gasketting  may  suffic^e, 
whereas  on  an  industrial  production  line,  or  where  the  system  has  to  be  used 
with  expensive  equipment,  such  as  a  high  energy  accelerator,  reliability  is 
more  critical  and  cleaner  vaemum  techniques  are  in  order. 

Several  good  texts  on  vat;uum  technique  exist,  starting 

with  the  classic:  by  Dushmanf^^^  but  the  subject  is  worth  a  brief  discussion, 
particularly  in  relalion  to  vacuum  insulation.  There  has  been  some  contro¬ 
versy  about  the  liesi  vacuum  pumping  methods  to  use  where  reliable  vacuum 
Insulation  is  required,  for  example  in  nuclear  phy.sic:s  equipment.  For  many 
applications  mercury  rather  than  oil  diffusion  pumps  are  used  to  reduce  or¬ 
ganic  contaJTiinants,  liul  in  recent  yeai-s  ion  and  turbomoiecular  pumps  have 
been  increasingly  utilized.  Several  recent  advances  in  vacuum  insulation 
technology  are  in  systems  evacuated  by  turbomoiecular  pumps. 

In  considering  tlie  design  of  a  "clean"  system  it  should  be  noted 

0 

that  a  monomolecular  layer  ran  form  on  a  surface  in  one  second  at  10  torr, 

and  in  parl.ic’ular  where  electron  beams  ai'e  involved  a  steady  build  up  of  con- 

(70) 

taminants  can  occur.  1‘Jnno.s  iias  used  this  fad  to  assess  the  relative  con¬ 
tamination  caused  by  various  sources  in  a  vac:uum  system  (Table  7.8).  The 
choice  of  the  best  O' ring  material  is  also  important  where  elastomer  sealing 
is  used  (T able  7.9). 

Obviously  the  cleaning  of  surfaces  which  experience  high  electric 
fields  in  vacuum  is  important.  Even  surfaces  which  are  not  exposed  should 
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Table  7.8 


Relative  Contamination  Caused  by  Vacuum  Materials 
(t  =  100  min,  1  =  0.  OlA/cm^  V=2kV) 


Material 

Treatment 

Thickness  of 
Contsunination 
Depo8it(A) 

Diffusion  pump  oil 
(Apiezon  B) 

As  supplied 

1700 

Silicone  diffusion  pump 
oil  (Dow-Corning  703) 

As  supplied 

500 

Vacuum  grease 
(Apiezon  M) 

As  supplied 

1500 

Apiezon  W  Wax  (cold) 

As  supplied 

<  50 

Black  neoprene  (heavily 
loaded  to  give  oil 
resistance) 

Boiled  in  aqueous  and 
alcoholic  potash 

<  50 

O-ring  rubber  gasket 
material  (W.  Edwards 
and  Co. ,  Ltd.  ,  London) 

Boiled  in  aqueous  and 
alcoholic  potash 

600 

Brass  strip=:< 

Well  handled  and  not 
subsequently  cleaned 

700 

Brass  strip 

Cleaned  in  acid 

<  50 

Aluminum  strip>i‘ 

Well  handled  and  not 
subsequently  cleaned 

700 

Aluminum  strip 

•  Cleaned  in  aqueous 
potash 

<  50 

*  Area  of  metal  equal  to  internal  surface  area  of  electron  gun. 


-405- 


Table  7.9 


Outgassing  Rate  for  Various  Polymers 


Outgassing  Rate, 

Polymer  q  (torr  liter/cm^  sec)  x  lO"^ 


1  hr. 

4  hrs. 

10  hrs. 

Buna  S.  Butyl  Rubber 

20 

6 

Epoxy  (Aral elite) 

20 

10 

Lucite 

19 

10 

Neoprene  (B) 

26 

8 

3.8 

Buna  N. 

80 

20 

10 

After  100°  C  Bake 
(4  hrs. ) 

10 

0.  6 

0.4 

Nylon 

26 

12 

Polyethylene 

2.  3 

1.  15 

Kel-F 

0.4 

0.  17 

Tetlon 

2 

0.75 

PVC 

5 

2.  8 

Silicone  Rubber 

70 

20 

Viton  Unpi'ocressed 

4 

1.8 

After  150°  C  Bake  in 

0.01 

0.  003 

0.002 

Air  (4  hrs.  ) 
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be  cleaned  as  effectively  as  possible,  since  they  provide  a  source  of  contamin¬ 
ation  for  the  other  critical  areas  (Table  7.8).  Various  methods  of  cleaning 
have  been  used  for  electrode  surfaces.  For  example,  at  CERN  the  following 

cleaning  procedure  is  commonly  used  for  metal  surfaces  exposed  to  high  grad- 

.  ,  .  (80) 
lent  m  vacuum: 

(1)  Hot  perchlorethylene,  vapor  and  liquid, 

(2)  Ultrasonic  dip  with  detergent  and  hot  distilled  water  rinse. 

(3)  Cold  acetone  dip. 

(4)  Cold  ethyl -alcohol  dip. 

-4 

(5)  Vacuum  degassing  at  10  torr  and  80°  C  for  twelve  hours 
followed  by  dry  nitrogen  filling  to  prevent  reabsorption  of 
water  vapor  when  the  tank  is  opened. 

In  addition,  before  this  cleaning  procedure,  great  care  is  taken  in  polishing 
to  insure  that  no  organic  materials  are  inserted  into  the  material.  For  ex¬ 
ample,  the  common  method  of  buffing  with  a  polishing  compound  is  prohibited, 
and  silicon  carbide  and  alumina  powders  are  used  instead  to  produce  a  fine 
finish.  Where  the  application  justifies  the  expense,  as  discussed  earlier, 
the  complete  vacuum  vessel  should  be  baked,  typically  to  400°  C  for  6-8 
hours.  One  measure  of  the  effectiveness  of  technique,  at  least  for  gaps 
above  1  mm,  is  the  initial  threshold  voltage  for  microdischarge  generation, 
usually  evidenced  as  a  current  loading  in  the  system.  In  the  limit  it  would  be 
expected  that  no  microdischarges  should  occur,  only  discrete  vacuum  sparks 
at  high  voltage. 

Table  7.  1  provides  guidance  on  the  best  metals  to  use  for  vacuum 
insulation.  This  is  general  agreement  with  t-eference  (30)  which  gives  more 
specific  guidance.  Area  effect  has  to  be  borne  in  mind  where  stressed  areas 
are  large,  as  discussed  earlier  (Figure  7.  9,  7.  10  and  7.  1 1). 

Several  special  techniques  can  be  applied  to  improve  performance 
over  that  obtainable  with  the  bettermetal  surfaces.  The  dielectric  coating  of 
cathode  surfaces  is  attractive,  particularly  where  anodized  aluminum  can  be 
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used,  as  (.liscussed  earlier.  Operations  in  a  higher  pressure  range  can  be 
most  etiertive  where  not  inadmissable  for  other  reasons  (e.g.  cathode  poison¬ 
ing),  This  is  particularly  true  at  larger  gaps  and  higher  voltages  which  usu¬ 
ally  are  associated  with  big  systems  whi<;h  cannot  be  baked  lor  economic  rea¬ 
sons,  and  as  a  consequence  where  current  loading  (.microdischarges)  is  pre¬ 
valent. 


Figure  7.  31  shows  data  obtained  by  Cooke^^^^  on  the  effect  of  pres¬ 
sure  on  the  current  loading  threshold  voltage.  He  was  able  to  conduct  his  ex¬ 
periments  into  the  Paschen  discharge  region  (curve  4)  because  in  his  equip¬ 
ment  the  test  gap  was  the  largest  available  for  discharge.  In  larger  systems 
the  I’aschen  region  is  entered  at  a  lower  pressure  bec;ause  of  the  greater 
length  of  the  meocinium  path  available  to  the  gas  ionization  discharge  process. 
As  already  discussed,  operation  at  a  relatively  high  pressure  c:an  also  be 

used  to  reduce  field  emission  by  the  "seif- sputtering"  effect. 

13-  ,  .,(33,81)  ,  ,  ,  J34) 

Biased  grids  and  open  suriaces  in  general  are  also 

effective  in  raising  the  threshold  level  of  the  microdischarge  effect.  This  is 
probably  liecause  grids  reduce  the  effective  area,  but  there  may  also  be  a 
benefit  fi'om  the  curvature  of  the  field  lines  around  wires.  The  cui'vature 
may  tend  to  inhibit  tlie  development  of  the  ion  chain  mechanism  which  is  gen- 
er’ally  thought  to  iniiiate  microdischarges.  Grids  are  effective  in  a  "contam¬ 
inated"  situation,  but  have  to  (le  used  with  care  on  a  negative  surface  because 
of  electron  emission  resulting  from  the  field  intensification  they  produce. 
Speidal  tecdmiques  can  be  adopted  in  accelerator'  tube.s  to  inhibit  current  load¬ 
ing  problems  associated  with  ion  mechanisms.  One  of  these  involves  the  use 
of  a  iiiased  grid,^^^^  Another  utilizes  inclined  field  electrodes,  cai’efully 
configurec!  so  that  tlie  particle  which  is  being  accelerated  "undulates"  through 
the  tube,  whereas  unwanted  ions  can  experience  only  minimal  ac;celeration 
bel'ore  Ijeing  trapped  in  the  electrode  system. 

Finally,  it  should  be  noted  that  the  operation  of  ion  gauges  and 
pumps  is  based  on  the  production  of  ions,  and  consequently  they  should  be 
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SURE  EFFECT"  BREAKDOWN  VOLTAGE 
VACUUM  BREAKDOWN  VOLTAGE 


T 


1 


T 


V) 


.  16  cm  dia  SS  spherical  anode  v». 
plane  SS  cathode  at  2  0  cm  gap 

30.  000  SS  plane  anode  and 
cathod<'  .11  10  cm  gap 

15.  000  cm^  51.S  anode 

15.  000  cm  alumina  coated 

calViot'e-plane  system  at  5  cm  gap 

2 

100  cm  SS  anode  and  cathode 
plane  svr.lcm  at  2.  5  cm  gap 

2 

100  I  n\“  .5S  anode  and  cathode 
plane  syslam  at  1.  0  cm  gap 


shielded  from  regions  which  are  subjected  to  high  stresses.  For  example, 
in  some  situations  it  has  been  noted  that  an  operating  ion  gauge  in  the  wall 
of  a  vacuum  vessel  has  prevented  the  achievement  of  the  required  voltage 
level  -  switching  off  the  gauge  immediately  improves  voltage  performance. 
Also,  a  gauge  improperly  placed  can  bombard  a  bushing  or  stand-off  surface 
with  positive  ions,  since  those  surfaces  tend  to  charge  negatively,  as  dis¬ 
cussed  earlier.  The  reverse  considerations  are  also  true,i.e.,  electrical 
discharges  in  vacuum  can  react  with  unshielded  ion  gauges  to  blow  fuses,  or 
worse,  in  the  gauge  circuitry. 
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SECTION  8 

SWITCHES  IN  GENERAL 


Earlier  sections  of  this  report  have  discussed  the  properties  and 
applications  of  dielectric  media  wherein  the  designer  of  high  voltage  equip¬ 
ment,  particularly  the  pulsed  power  variety,  may  accumulate  and  store  elec¬ 
trical  energy  prior  to  its  delivery  to  a  load.  The  remaining  sections  of  the 
report  deal  with  switching  devices  whereby  the  stored  energy  is  transferred 
from  storage,  through  pulse  shaping  elements,  if  any,  and  finally  to  the  in¬ 
tended  load.  The  load  itself  may  be  an  energy-transforming  device  such  as 
a  laser  or  microwave  tube;  or,  it  can  be  an  energy-dissipating  element  such 
as  a  resistor  in  a  protective  fault  circuit. 

The  nature  of  the  load  and  its  requirements  or  capabilities  in 
terms  of  risetime,  falltime,  synchronization  and  pulse  repeatability  together 
with  the  output  configuration  of  the  energy  store  and  pulse-forming- network 
(PFN)  will  in  large  measure  determine  the  choice  of  switch.  Although  most 
switches  will  be  required  to  close  a  circuit  with  some  specified  precision, 
some  switches  must  be  able  to  open  a  circuit  rapidly  when,  for  example, 
energy  is  stored  in  the  magnetic  field  of  an  inductor  rather  than  in  the  elec¬ 
tric  field  of  a  capacitor. 

A  range  of  commercially  available  devices  including  both  hard 
and  soft  vacuum  tubes,  mechanical  interrupt,srs  and  solid  state  components 
can  accomplish  many  of  the  required  switching  functions.  Where  off-the- 
shelf  switching  devices  are  inadequate,  usually  at  the  higher  discharge  ener¬ 
gies  and  voltages  or  faster  risetimes,  it  is  necessary  to  employ  a  custom- 
designed  spark  discharge  device.  Where  the  operating  ranges  of  the  com¬ 
mercial  and  custom  devices  overlap,  financial  considerations  as  well  as  a 
certain  amount  of  personal  preference  will  influence  the  choice.  However, 
the  prudent  designer  will  weight  heavily  the  advantages  of  purchasing  a 
proven  package  of  guaranteed  performance. 


-417- 


This  section  first  describes  certain  commercially  available 
switching  devices  considered  useful  in  high  voltage  equipment  design.  The 
lattci’  isarl  of  this  section  reviews  the  more  common  types  of  custom-de¬ 
signed  switches,  their  characteristics  and  limitations.  Subsequent  sections 
of  this  report  give  detailed  accounts  of  the  many  special  switches  which  can 
be  designed  and  built  by  utilizing  the  dielectric  media  already  described. 

8.  1  Commercial  Switch  Tubes 

Switch  tubes  include  both  "hard"  vacuum  and  low-pressure-gas 
01'  "soft"  devices.  'I’lic  hard  vacuum  types  depend  upon  the  timely  injection 
of  an  eleelron  heani  or  piasnioid  between  cathode  and  anode  to  close  the 
switeli.  Multi-cTenu'iil  power  tubes  such  as  high  frequency  teti'odes  are 
operated  as  fast  switches  for  modulator  service. 

Tetrodes  aiul  linear  beam  tubes  are  high  impedance  (lOO's  of 
ohms)  devices  with  capabilities  up  to  1  kA  at  60  kV  for  tetrodes  and  30  A  at 
250  kV  for  the  beam  tubes.  Experimental  linear  beatn  devices  to  switch 
200  A  at  225  k  V  are  under  development.  ^ 

(2) 

Tlio  [dasmoid-injected  triggered  vacuum  gap  (TVG)  can  pass 
up  to  100  kA  while  holding  off  up  to  150  kV.  These  are  notable  for  their 
wide  operating  I'ange  (2-150  kV)  and  rapid  recovery  of  dielectxlc  strength 
(10  kV  per  However,  lifetimes  tend  to  be  limited  tc  the  oi’der  of  a 

thousand  shots  and  damage  is  likely  to  occur  whenever  ratings  are  exceeded. 

"Soft"  tubes  of  .interest  here  are  the  ignitron  and  thyratron.  The 
ignitron  is  a  merciu'y-pool-cE^thode  diode  which  has  a  third  electrode  to  in¬ 
itiate  an  are  discharge  through  the  mercury  vapor  between  cathode  and  anode 
Ignitrons,  widely  used  in  CTR  work,^^^  have  high  current  and  charge  pass¬ 
ing  capability  but  require  long  (several  seconds)  recovery  between  discharge 
at  high  ratings.  Their  current-handling  capability  is  enhanced  by  their  suit- 
aln'lily  for  parallel  operation  in  banks  containing  hundreds  of  tubes.  Develop 
rri'Uital  models  such  as  the  General  Electric  Z-5234  have  been  designed  for 
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100  kA,  80  kV  operation  passing  up  to  30  coulombs  per  pulse.  As  long  as 
mounting  position  or  environment  can  be  kept  compatible  with  the  mercui’y 
pool,  system  designers  can  use  series  parallel  arrangements  of  more  stan¬ 
dard  tubes  to  good  advantage.  At  the  expense  of  a  shortened  tube  life,  igni- 
tron  ratings  can  be  substantially  exceeded  without  sudden,  catastrophic  fsdlure. 

High  power  thyratrons  contain  an  anode,  one  or  more  control  grids 
and  a  thermionic  cathode  in  a  ceramic  envelope  with  a  filling  of  hydrogen  or 
deuterium.  The  greater  mass  of  the  deuterium  ion  results  in  less  mobility 
and  a  corresponding  increase  in  recovery  time  by  over  a  hydrogen-filled 
tube  of  the  same  geometry.  Lower  ion  mobility  also  results  in  reduced  sur¬ 
face  recombination  effects  and  a  lower  arc  drop  100  V).  Deuterium  is 
mainly  used  in  high  power  tubes,  where  recovery  time  may  be  of  less  import¬ 
ance  than  hold-off  voltage  and  dissipation. 

Tetrode  thyratrons  are  suitable  for  parallel  operation.  Although 
no  theoretical  limit  to  parallel  connections  exists,  a  convenient  practical 

(4) 

limit  is  six  tubes.  Scries  operation  can  be  accomplished  with  individual 

tubes.  However,  the  complexity  of  the  arrangement  (multiple  voltage  level 

heater  transformers)  favors  a  series  array  of  several  gaps  within  a  single 

envelope,  The  development  of  such  thyratrons  has  been  extended  to  3  and  4 

gap  devices  holding  off  40  kV  per  gap  which  can  be  triggered  by  a  single  driv- 

(4) 

ing  pulse  of  a  few  hundred  volts. 

The  advantages  of  thyratrons  as  switching  elements  in  high  voltage 
pulse  generators  include  wide  unadjusted  operating  range,  high  pulse  repeti¬ 
tion  rate  (prf)  operation  with  low  jitter  (1-5  ns),  long  life  and  relatively  low 
trigger  requirements.  Disadvantages  (compared  with  spark  gaps)  include 
large  inductance,  longer  switching  time,  current  and  voltage  limitations,  and 
heater  maintenance  power.  Ratings  of  thyratrons  are  usually  referred  to  the 
high  prf  of  modulator  operation.  For  crowbar  and  other  low-duty  require¬ 
ments  a  considerable  increase  in  current  passing  may  be  achieved  without 
harm.  However,  some  reduction  in  peak  forward  voltage  rating  is  advisable 
under  the  dc  holdoff  conditions  experienced  in  crowbar-type  applications. 
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Parameters  of  interest  to  non-modulator  users  of  thyratrons  are 
not  always  readily  available  from  the  manufacturers.  An  indication  of  these 
parameters  is  given  in  the  test  results  on  the  CXI  168  in  which  the  anode  di/ 
dt  of  5  kA/p,sec  was  exceeded  by  more  than  an  order  of  magnitude  in  single 
shot  duty.  Operation  at  4  pps  with  di/dt  =  18  kA/|j,sec  was  performed  over 

0  (5) 

10  times  with  no  pulse  form  deterioration  and  a  jitter  < +2  ns. 

Soviet  interest  and  utilization  of  thyratrons  in  short-pulse  high- 

voltage  generators  is  indicated  by  the  catalog  of  relevant  parameters  of  their 

( 6 } 

thyratrons  in  Table  8.1.  Mesyats  gives  a  detailed  description  of  a  circuit 
designed  to  overcome  the  large  self-inductance  of  heavy  duty  thyratrons  thus 
enabling  their  use  for  generating  high-voltage  nanosecond  pulses.  The  method, 
in  which  a  Ihyratron  is  used  as  the  switch  on  a  two-stage  coaxial  line  pulse 
generatoi',  reduces  the  switching  time  by  including  a  shunt  capacitance  and 
series  non-linear  inductance  in  the  anode  circuit  of  the  thyratron.  For  nano¬ 
second  pulse  genei’ation  a  ferrite- cored  coil  is  suggested  as  the  non-linear 
inductance'. 

A  listing  of  representative  switch  tubes  commercially  available 
in  the  US  and  UK  is  given  in  Table  8.2.  Suppliers  include  English  Electric 
Valve,  EG&G,  General  Electric,  Machlett,  RCA,  ITT  and  Westinghouse. 


8.2 


Solid  Statu  Switclies 


Arrays  of  transistors  or  thyristors  have  been  used  to  provide  the 
intermediate  triggering  stages  of  some  fast,  high  voltage  systems.  For  ex¬ 
ample,  several  GA200  thyristors,  each  of  which  will  switch  a  100  A  pulse 
in  10  ns  at  100  volts  hold- off  under  repetitive  operation  have  been  used  to 


rovide  10  kV  trigger  signals  to  high  voltage  nanosecond  pulse  generators 


1> 

Thyristor- switched  modulators  operating  at  peak  powers  of  60  kW  (single  thy- 

( 8 ) 

ristor)  and  2  MW  (series  stack  of  thyristors)  are  described  by  Robinson. 


(7) 
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Table  8.  1 


Parametera 


Requirements  on  stability, 
%: 

for  power  source  . 

for  Ignition  . 

for  heating  of  hydrogen 

generator  . 

for  heating  of  cathode  . 
for  amplitude  of  firing 

voltage  . . 

Delay  of  discharge  In 

nominal  mode,  nsec  . 

Front  In  nominal  mode-  with 
heating  voltage  of  6.3 

V,  nsec  . 

Minimum  front  at 

V  (nsec )  . . . 

Inductance  of  thyratron 
(in  coaxial  case) , 

microhenrys  . 

Pulse  anode  current  in 

nominal  mode,  A  . 

Pulse  anode  current  at 

t  =  100  (nsec)  (exper- 
s  p  . 

imental  data),/; . 

Average  anode  current,  A  . 
Repetition  frequency,  Hz  . 
Maximum  anode  voltago,  kV . 

Heating  current,  A  . 

Maximum  amplitude  of  feed¬ 
back  voltage,  kV  . 

Average  output  power, 
kilowatts  . . 


of  .Soviet  thyratrons. 


Thyratron  type 

MB 

BB 

TGI-1 

TGI-1 

Metal] Ic-ceramic 

700/25 

2500/3^ 

TGI-l 

TGI-1  TGI-1 

BH 

BB 

1000/25 

3000/50  500/16 

5 

5 

8 

1.5 

8 

1C 

10 

10 

10 

10 

- 

- 

0.1) 

0.1) 

0.1) 

0.8 

0.1) 

1 

1 

1 

1 

1 

- 

“ 

1 

1 

1 

2 

1 

- 

- 

+1 

+  1 

+  1 

+  1) 

+1 

- 

- 

15 

20 

25 

35 

20 

25 

15 

10 

12 

15 

2D 

15 

15 

10 

0.15 

0.15 

0.35 

0.7 

0.2 

0.3 

0.12 

325 

1)00 

700 

2500 

1000 

3000 

500 

10^ 

10^ 

2-10^ 

7-10^ 

3-  10^ 

O 

o 

10^ 

0.2 

0.5 

1 

2.5 

1 

D 

0.5 

103 

1)50 

500 

250 

700 

103 

16 

16 

2  5 

35 

25 

50 

16 

8.5 

11 

20 

55 

20 

87 

15 

16 

5 

5 

5 

5 

- 

3.2 

- 

1) 

25 

D3 

25 

250 

3 
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Vacuum  Interruption  Devices 


8.  3 

These  switches  which  open  and  close  by  means  of  mechanical 

movement  of  electrodes  in  a  vacuum  insulating  medium  are  described  in  Sel- 

(9) 

zer's  review  article.  They  are  of  interest  here  only  because  of  the  very 
high  average  power  capability  demonstrated  by  the  series  connection  of  two 
separate  interrupters  to  achieve  a  34.5  kV,  1500  MVA  rating. 


8 . 4  Switches  for  Inductive  Storage  Systems 

In  applications^  ^  which  require  the  storage  of  enormous  amounts 

g 

of  energy,  say  10  joules  or  more,  energy  density  considerations  show  that 
only  inductive  storage  systems  are  practicable.  Inductive  stores  transfer  en¬ 
ergy  from  a  prime  power  source  to  the  load  in  a  manner  which  can  be  consid¬ 
ered  as  a  dual  of  the  technique  used  with  capacitive  stores.  That  is,  the  in¬ 
ductive  store  requires  that  a  switch  be  opened  while  passing  maximum  cur¬ 
rent,  whereas  the  capacitive  store  requires  a  switch  to  be  closed  while  hold¬ 
ing  off  maximum  voltage. 

The  switching  of  an  inductive  store  is  sliown  in  the  circuit  and 
waveforms  of  Figure  8.1.  After  the  energy  store  has  been  filled  from 
the  power  supply,  the  switch  is  opened  at  the  lime  t^  with  a  reverse  volt¬ 
age  u  appearing  aci'oss  the  switch  At  t  the  load  (L  and  H  )  is  connected 

5  ^  dt  it 

by  moans  of  S^.  The  steepness  of  the  current  I’ise  in  the  load  is  determined 
by  the  voltage  u  and  the  load  inductance  L,  .  At  the  time  t  the  load  current 

O  dl  O 

begins  to  drop  exponentially  from  its  maximum  value.  The  switch  could 
be  a  triggered  spark  gap,  if  low  jitter  is  desired. 

Much  ingenuity  has  been  expended  in  the  develoi)mcnt  of  opening 

(12) 

switches  for  inductive  stores.  Relatively  fast- opening  switches  in  high 
current  circuits  naturally  entail  high  voltages  due  to  the  di/dt  within  the  in¬ 
ductive  store  itself.  The  switches  must  be  capable  of  withstanding  the  re¬ 
sultant  high  voltage  and  large  amounts  of  energy  dissipation.  Interrupting 
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switches  suitable  for  the  multimegajoule,  megampere  range  involve  fuses 

1  •  u  1  ^  ^  ,  u-  j  (11.  12,  13. 14) 

which  are  exploded  by  more  or  less  sophisticated  circuitry. 

(15) 

Experiments  with  non-exploding  switches  have  attained  cir- 
cuitbreaker  voltages  of  50  kV  at  currents  of  approximately  10  kA  while  endur¬ 
ing  a  linear  rise  of  voltage  across  the  switch  of  1.7  kV/^s.  It  is  suggested 
that  such  devices  may  attain  voltages  of  100  kV  with  rates  of  rise  of  a  few 

5 

kV/|is  at  currents  of  the  order  of  10  A.  Circuits  which  utilize  non-  explod¬ 
ing  switches  by  taking  up  a  portion  of  the  energy  in  a  capacitor  are  found  in 
references  (11)  and  (15). 


8.  5  Discharge  Gap  Switching 

By  far,  the  bulk  of  custom-designed  switches  arc  closing  devices 
whose  basic  characteristics  are  voltage  hold-off,  rate  of  current  rise,  cur¬ 
rent  capacity,  delay,  jitter,  dielectric  recoveiy  and  operating  life.  The  rel¬ 
ative  importance  of  these  cliaracteristics  depends  entirely  on  the  intended 
application  of  a  particular  device.  In  the  high  voltage  equipment  to  which 
this  report  is  directed,  switches  are  closed  by  means  of  an  electrical  dis¬ 
charge  through  a  gaseous,  liquid,  solid  or  vacuum  dielectric  medium. 

The  methods  of  initiating  tins  process  are  several  -  by  overvolt- 
ing,  field  distortion  and  by  introduction  of  charged  particles  by  means  of  a 
laser,  electron  beam  or  auxiliarj’’  discharge.  These  methods  will  be  discussed 
in  detail  in  later  sections  as  they  pertain  to  switching  in  the  various  dielectric 
media. 


8.  5.  1  Delay  and  Jitter 

In  general,  the  designer  intends  that  a  switch  close  upon  receipt 
of  a  logic  command  from  some  point  in  the  system  or  when  certain  predeter¬ 
mined  conditions  of  electric  stress  are  applied  to  the  switch  either  intention¬ 
ally  or  in  a  fault  condition.  Precision  of  closure  can  and  usually  must  be 
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greater  in  the  former  mode  of  operation.  Synchronization  of  switch  closure 
dcpenils  on  how  long  it  takes  the  switch  to  close  after  the  signal  or  stress  is 
applied  (delay),  and  how  accurately  the  delay  is  repeated  from  closure  to 
closure.  This  accuracy  in  repeating  delay  is  termed  "jitter"  but  may  be 
quantitatively  defined  in  somewhat  diverse  ways  by  various  investigators. 

When  sufficient  data  are  available,  an  rms  jitter  value  can  be  defined  as  the 
standard  deviation  from  the  aril.hmetic  mean  delay,  assuming  the  delay  data 
form  a  normal  distribution. 

Delay  in  switch  closure  can  be  conveniently  understood  as  having 
two  components:  a  statistical  part  and  a  formative  part.  The  statistical  de¬ 
lay  is  thal  time  betwt:cn  the  initiation  command  and  the  appearance  of  the  first 
free  electron.  Although  this  electron  can  be  obtained  by  chance,  such  as  from 
cosmic  ray  showers,  it  is  usually  advantageous  to  reduce  or  eliminate  the 
statistical  lag  by  providing  a  source  of  free  electrons  either  in  the  initiation 
signal,  as  by  an  auxiliary  discharge,  or  on  a  standby  basis  as  by  continuous 
ultraviolet  illumination  of  the  switch  gap.  The  formative  time  is  the  delay 
between  the  arrival  of  the  first  electron  and  the  completion  of  a  conducting 
path  through  the  dielectric  sufficient  to  essentially  eliminate  tlie  potential  dif¬ 
ference  between  tlie  switch  electrodes. 

Usually,  but  not  always  (see  Section  9.3)  the  jitter  will  be  a  nom¬ 
inal  (~10%)  [jcrcentage  of  the  delay. 

8.5.2  Kisetime  Consideratiu  s 

For  very  fast  risetimes  the  performance  of  the  switch  is  critical, 
especially  in  low-impedance  .systems.  The  geometry  of  the  switch,  associated 
circuitry  and  the  discliarge  growth  are  each  significant.  Choice  of  coaxial, 
splierical,  or  linear  configurations  may  be  determined  largely  by  the  form  of 
the  system  components  to  oe  connected  by  the  switch. 

Circuitry  utilized  to  shorten  risetime  includes  the  peaking  gap 
and  pc.'dting  capacitor’  tecliniques.  The  operating  principle  of  a  peaking  gap 
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is  based  on  the  fact  that  the  slow-rise  portion  of  an  incoming  wave  (on  a  trans¬ 
mission  line)  is  reflected  back  to  the  source,  and  the  forward  propagating  wave 
assumes  a  risetime  corresponding  to  the  characteristics  (length,  dielectric 
medium)  of  the  last  gap.  Thus  a  short  gap  in  the  center  conductor  of  a  trans¬ 
mission  line  can  be  greatly  overvolted  by  a  high  voltage  pulse  traveling  along 
the  line  toward  the  gap.  The  rapid  closure  of  this  gap  results  in  a  steepening 
of  the  pulse  as  it  passes  beyond  the  gap.  This  method  of  pulse  sharpening  is 
most  suitable  for  steepening  an  already  fast- rising  pulse. 

A  peaking  capacitor  is  used  to  offset  the  effect  of  primary  energy 
store  inductance  on  the  risetime  of  an  output  pulse  from  a  pulsed  power  de¬ 
vice,  Simply  stated,  the  inductor  is  filled  with  energy  and  the  desired  load 
current  established  prior  to  switching  into  the  load.  This  scheme,  similar 
in  concept  and  aim  to  that  mentioned  in  reference  (6)  for  use  with  thyratrons, 
is  described  in  EMP  systems  reports  such  as  reference  (17). 

There  are  two  phases  of  current  growth  through  a  switch,  known 

as  the  resistive  and  inductive  phases.  The  resistive  phase  occurs  with  the 

heating  and  expansion  of  the  developing  spark  channel.  Its  duration  depends 

directly  on  the  density  of  the  dielectric  and  inversely  on  the  electric  field  and 

driving  impedance.  A  theoretical  analysis  of  the  resistive  phase  is  given  by 

(is) 

O'Rourke.  Although  the  inductance  changes  with  time  during  cliannel 
formation,  it  is  usually  considered  constant  for  estimating  purposes  and 
amounts  to  about  15  nH  per  cm  for  a  1  mm  diameter  channel.  Empirical 

(19) 

determinations  of  these  phases  of  current  growth  obtained  by  Martin  for 
various  dielectrics  are  listed  later  in  appropriate  sections. 

Risetime  may  be  improved  by  increasing  the  electric  field,  thus 
reducing  the  resistive  phase,  and  by  decreasing  the  channel  inductance.  Un¬ 
der  certain  carefully  controlled  conditions  multiple,  current- sharing  chan¬ 
nels  can  be  developed  across  the  gap.  Since  the  channel  inductances  are 
effectively  in  parallel,  a  substantial  reduction  in  risetime  may  be  obtained. 
One  must  bear  in  mind  the  mutual  inductance  of  the  channels  when  predicting 
the  advantages  of  the  multichannel  technique. 
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«.  5.  3 


Lifetime,  Erosion  and  Deionization 


The  optimum  fast  closing  switch  is  one  using  a  solid  dielectric 
because  of  the  high  electric  field  possible  and  dielectric  density.  Lifetime, 
however,  is  limited  to  one  shot.  Switching  in  liquid  may  be  specified,  par- 
ticula'i'ly  as  an  output  switch  in  pulsed  power  systems  in  which  the  same 
liquid  is  used  for  energy  storage.  Electrode  erosion  rates  in  liquid  are  ex¬ 
tremely  high,  however,  even  in  the  optimum  case  where  the  acoustic  impe¬ 
dance  of  electrode  material  and  the  liquid  are  reasonably  well  matched. 

Massive  shock  waves  and  mechanical  forces  are  encountered  when  switching 
very  large  energies  in  liquids.  Decomposition  of  liquid  dielectrics  requires 
special  purification  cqui[)ment  and  processing  if  repetitive  operation  is  de¬ 
sired.  Gas  switches  encounter  much  less  electrode  damage  and  have  self- 
healing  dielectric  properties.  Decomposition  of  high  dielectric  strength 
gases  such  as  SF^  and  some  Freons  in  enclosed  switches  results  in  conduct¬ 
ing  deposits  which  ultimately  limit  device  lifetime  by  degrading  its  dielec¬ 
tric  envelope.  lOi-osion  of  electrodes  in  gas  switches  can  be  reduced  substan¬ 
tially,  ospeclally  in  higli  repetition  rate  applications,  by  careful  choice  of 
materials.  A  sintered  composite  which  combines  the  high  thermal  conductivity 
of  copper  with  the  refractory  properties  of  tungsten  has  been  found  useful  in 
resisting  erosion  in  gas  switches. 

When  a  switch  must  return  to  a  non-conducting  state  in  a  fraction 
of  a  second,  the  deionisation  time  of  the  device  must  be  considered.  Since 
dielecti'ic  recovery  is  not  a  linear  function  of  time,  compensation  for  the 
switch  deionization  time  can  sometimes  be  made  in  the  charging  circuit,  for 
example,  with  inductive  charging  instead  of  simple  resistive  charging. 

liepi'titive  switching  with  any  device  requires  that  the  system  de- 
sigriLU’  account  for  the  thermal  load  on  the  switch  and  its  environs  determined 
by  the  operating  duty  cycle. 
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SECTION  9 
GAS  SWITCHES 


Spark  gaps  which  utilize  gas  at  pressures  about  one  atmosphere 
or  greater  are  widely  used  for  their  relative  simplicity  of  design  and  control- 
ability.  Gas  switches  can  pass  high  currents  and  withstand  voltages  in  the 
multimegavolt  region  with  increased  pressure  and  use  of  electronegative 
gases  such  as  those  described  in  Section  4. 

Uniform  field  geometries  provide  that  maximum  and  mean  grad¬ 
ients  do  not  vary  widely.  Spherical  or  hemispherical  electrodes  are  often 
used;  however,  electrodes  having  Rogowski  or  Bruce  profiles  (Section  2.2.7) 
result  in  more  uniform  fields.  Nonimiform  fields  are  often  used  to  advantage, 
especially  in  fast- ope  rating  switches  (cf  Section  9.  1.2). 

Gases  commonly  used  include  N  ,  CO  ,  air,  SF  Freons  and 

A  u  o 

mixtures  of  these.  Despite  similar  electric  strength,  N  is  preferable  to  air 
for  its  inertness. 

9.  1  Overvolte d  Switch 

The  simplest  type  of  switch  is  the  overvolted  switcli  in  which  the 
gap  voltage  is  increased  until  dielectric  breakdown  occurs.  Variations  on 
this  theme  include  reduction  of  gas  pressui’e  or  changing  its  properties -- as 
by  heating-- until  breakdown  occurs. 

Talien  by  itself,  such  a  gap  has  rather  poor  synchronization  pro¬ 
perties.  However,  when  closed  by  a  fast-rising  pulse  with  a  voltage  greatly 
in  excess  of  the  self -breakdown  voltage  (SBV)  of  the  gap,  an  overvolted 
switch  can  close  quite  rapidly  and  with  low  jitter,  as,  for  example,  when  it 
forms  part  of  a  three-electrode  switch  described  below. 
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1. 1 


The  Rope  Switch 


A  clever  circumvention  of  the  characteristically  large  .jitter  of 
the  ovei'volted  type  of  switch  is  the  "rope  switch".  This  switch^  ^  takes  ad¬ 
vantage  of  the  statistical  distribution  of  switch  breakdown  times  to  realize  a 
high-voltage,  low-jitter  spark  gap  from  a  series  connection  of  identical  low- 
voltage  gaps.  Assuming  a  normal  distribution  of  firing  delays,  a  series  array 
of  N  gaps  will  have  n  gaps  breaking  down  early,  that  is,  at  one  or  two  stand¬ 
ard  deviations  below  the  mean  voltage.  However,  the  r-emaining  N-n  elements 
will  keep  the  switch  open.  Around  the  mean  voltage  most  of  the  remaining 
switches  will  fire.  Those  switches  which  would  ordinarily  fire  late  (at  one 
or  two  standard  deviations  above  the  mean  voltages)  will  have  almost  the  en¬ 
tire  series  voltage  impressed  across  them,  whereupon  they  close  rapidly. 

The  upper  and  lower  ends  of  the  normal  distribution  of  the  individual  switch 
are  essentially  removed  as  factors  in  the  performance  of  the  N-stage  switch, 
thus  sharpening  the  delay  distribution  and  jitter  of  the  array. 

Experimental  results  with  a  iO-stage  rope  switch  closing  a  200 
kV  "gap"  gave  a  maximum  jitter  of  11  ns  and  standard  deviation  of  3  ns,  a 
factor  of  3  lower  tlian  single  gap  performance.  Dual  channel  breakdown  of 
rope  switches  yielded  a  riselime  of  26  ns  compared  with  33  ns  for  single 
channel. 

9,1.2  Nonunitorm  Geometry 

Tests  of  high  power  overvolted  gaps  for  the  RES  LC  generator 
(2) 

output  switch  showed  best  results  with  a  poinl-to-plane  geometry  consist¬ 
ing  of  a  stainless  steel  cylindrical  anode  with  a  knife-edge  at  its  surface 
which  faced  a  large-diameter,  brass  disk  cathode.  This  device  switched 
500  kV  across  a  3  cm  gap  in  SF^  at  15  psig. 

A  thin  cone  gap  operating  up  to  350  kV  in  SF^  and  Freon- 12  is 
described  in  (1).  Risetimes  of  2-3  ns  are  reported^^^  for  Freon-12  and  3-5 
ns  for  SF  as  shown  in  Figure  9.  1. 


-432- 


Anotlier  overvolted  switch  of  interest  is  Martin's  3-meter-long 
edge  gap  which  is  really  a  point-to- plane  stretched  out  over  3  meters.  This 
switcli  closed  a  line  of  0.  45  ohm  impedance  at  105  kV  in  5-8  ns  by  means  of 
140  channels  which  closed  within  a  span  of  0.  6  ns.  The  risetime  of  a  single 
('hannel  across  the  same  impedance  was  estimated  at  110  ns,  thus  indicating 
a  factor  of  20  improvement  with  the  multichannel  gap.  The  jitter  of  such  a 
switch,  expressed  as  a  fraction  of  the  mean  breakdown  voltage,  has  been 

measui-ed  as  approximately  1/2%  when  the  charging  time  is  about  100  ns, 

(4) 

rising  to  2%  for  charging  times  of  2  ps.  .  Breakdown  data  for  edge-plane 
gaps  at  pressures  >30  psig  in  SP-,  Freon-12,  N  and  air  are  given  in  (1)  for 

b  u 

breakdown  voltages  of  200-350  kV.  Jitter  as  low  as  7  ns  is  observed  for  N 
with  air  and  SF^  yielding  about  10  ns. 

The  above  examples  illustrate  the  adaptation  of  the  simplest  of 
gas  switches  to  quite  sophisticated  operation. 

Operation  of  a  150  psig  SF  switch  at  3.  5  MV  is  described  in  de- 

D 

tail  in  reference  5.  Gap  spacing  between  hemispherical  steel  electrodes  was 
set  at  4.  5  cm  for  a  design  goal  of  2.  5  MV.  The  standard  deviation  of  switch 
closure  for  1  (iS  charging  time  was  px-essure  dependent:  6,3%  at  150  psig  and 
4.  2%  at  100  psig.  Reference  (5)  discusses  switch  performance  in  the  context 
of  an  EMI’  system  risetime. 

9.  1.  3  Repetitive  Operation  and  Fast  Re  striking 

The  limit  to  repetitive  operation  and  other  occasions  of  rapid  re- 
application  of  voltage  to  a  switch  is  often  set  by  the  dielectric  recovery  time 
of  tlxe  switch,  Wlien  lifetime  requirements  are  high  and  minimum  mainten¬ 
ance  is  available,  electrode  ex'osion  may  become  a  limiting  factor. 

Both  dielectric  recovery  and  electrode  erosion  are  applicable  to 
most  switch  designs;  however,  their  experimental  determination  usually  in¬ 
volves  simple  geometry  such  as  the  overvolted  or  simply -triggered  switch. 
Hence,  Riese  subjects  are  treated  in  this  subsection. 
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9. 1.3.1  Dielectric:  Recovery  of  the  Spark  Gap 


To  restore  the  dielectric  strength  of  a  switch  after  discharge, 
the  charge  carriers  produced  during  the  discharge  must  disperse  and  the 
electrodes  must  lose  heat.  Dielectric  recovery  is  established  when  the  dielec¬ 
tric  strength  exceeds  the  reapplied  stress, 

A  survey  of  the  literature  concerning  arc  recovery  reveals  the 
subject  to  be  an  extremely  complex  one  involving  several  or  all  of  the  follow¬ 
ing  parameters;  electrode  material  and  geometry,  gas  composition  and  pres¬ 
sure,  arc  length,  and  current. 

Most  of  the  work  on  arc  recovery  can  be  found  in  the  periodical 
literature  (cf  references  (6)  through  (12))  and  a  comprehensive  review  of  ex¬ 


perimental  data  by  Milde, 


Although  generalizations  must  be  interpreted 


( 14) 

with  considerable  care,  it  is  worthy  of  note  that  gaps  using  Elkonite  elec¬ 
trodes  have  demonstrated  better  voltage  recovery  than  those  with  copper  or 
(9) 

tungsten.  As  might  be  expected,  recovery  is  favored  by  increasing  gas 

pressure.  In  order  of  increasing  recovery  times  several  common  gases  are 
{ 1 

1  •  .1  ^  '  rr  nm  /-\  rr_  A  •  —  -at  _ i  A 


listed: 


SFg,  CO^,  O^,  He,  Air,  and  Ar. 


Perhaps  the  most  significant  dielectric  recovery  information  for 
the  designer  is  shown  in  Figure  9.2.  Note  the  nearly  flat  recovery  of  voltage 
with  time  during  the  first  100  after  switching.  This  behavior  should  be 
borne  in  mind  when  specifying  the  charging  waveform  for  a  high  repetition 
rate  system. 

Methods  of  enhancing  the  recovery  time  include  the  placement  of 

( ^  5 ) 

a  series  of  discs  within  the  gap  to  aid  cooling  as  in  Frungel's  hydrogen 

quenching  spark  gap,  or  the  flowing  of  air  through  the  gap  to  cool  it  and  re- 

( 1 G } 

move  discharge  debris.  The  former  method  has  been  demonstrated  to  be 
reliable  in  the  range  of  6-12  kV  with  peak  currents  of  0.  5-500  kA  at  up  to  300 
kHz.  Extension  to  300  kV  has  been  reported  with  the  use  of  many  discs.  The 
switch  described  in  (16)  has  demonstrated  a  100-hour  life  at  50  Hz  while  pass¬ 
ing  2,  5  kA  in  2,7-as  pulses  in  the  20-to  60-kV  range. 
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1  10  100  1000  10,000  100,000 

Delay  in  Microseconds 


Figure  0.2  Arc  recovery  strength  in  at  1  atmosphere. 


(l/4  inch  gap,  0/4  incli  cylindrical  electrodes  (Cll),  400  airipere  arc) 

(h'rom  G.  A.  Farrall  and  J.  D.  Cohine,  lEFT,' Trans,  on 
I'ower  Apparatus  and  .Systems  1  ‘A.S-86,  027,  1007) 


9.  1.  3. 2 


Elentfode  Erosion 


The  operating  characteristics  of  spark  gap  switches  depend  on 
the  geometry  of  electrodes  which  may  become  distorted  by  erosion.  Further¬ 
more  the  products  of  erosion,  sometimes  in  combination  with  gas  decomposi¬ 
tion  products,  can  become  deposited  on  in.sulating  surfaces  of  the  switch 
thereby  shortening  its  life. 

Erosion  of  electrode  material  is  due  to  heating  which  occurs 
mainly  from  bombardment  by  charged  particles.  Hence  it  is  sensitive  to 
current  density  and  gas  composition.  As  a  result  of  brief  powerful  thermal 
fluxes  and  limited  heat  conduction  of  electrode  material,  such  surfaces  can 
be  heated  to  melting  and  vaporizing  temperatures.  Two  regions  ef  erosion 
can  be  distinguished  experimentally.  At  currents  up  co  tens  of  kA,  erosion 
results  primarily  from  vaporization.  For  much  larger  currents  the  ero¬ 
sion  increases  abruptly,  corresponding  to  loss  of  material  by  the  ejection 
jf  mo'mn  metal. 

Thi.x  (jubjecl  is  treated  in  some  detail  in  the  .Soviet  literature 
which  is  comprehensively  reviewed  in  reference  (17).  It  is  interesting  to 
note  that  the  most  durable  .Soviet  matcri.U  is  reported  to  be  AVM-30,  a 
coppe r- tun g stem  composite  apparently  similar  to  Elkonite  (Table  9.  1). 

C-\ner  materials  recommended  in  (17)  are  molyl)denum  and  tungsten.  Re¬ 
sults  with  heat-resistant  steels,  brass  and  copper  ai'c  r'oported  to  be  less 
favorable. 

A  study  of  fast,  overvolted  gaps  in  repetitive  operation  was  made 

(18) 

by  Proud  and  Huber  ''  in  the  voltage  range  of  40  to  70  kV.  Risetimes  as 
I'  w  as  50  ps  were  measured  in  single  shot  operation.  Cathode  erosion  ex¬ 
periments  at  400  pps  shewed  remarkable  erosion  resistance  for  Elkonite 
wiien  compared  to  copper  electx'Odes  in  air  at  atmospheric  pressures.  No 
further  improvement  was  found  when  puie  tungsten  was  substituted  for  type 
30W3  El'tonite. 
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Table  9.  1 

Properties  of  Copper-Tungsten  Composites 


Material 

Elkonite  10W3 

Elkonite  30W3 

Composition  (by  volume) 

57%  VV.  43%Cu 

66%  W,  34%  Cu 

Density  (gm/ cm  ) 

14.7 

15,  R 

Electrical  Conductivity 
(%  I  ACS) 

46 

~40 

Thermal  Conductivity 
(cgs  units) 

0,61 

0.  57 

Ultimate  Tensile 

Strength  (psi) 

90,000 

~90,  000 
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Other  tests  on  Elkonite  at  higher  energies  at  1-10  pps  are  des¬ 
cribed  in  (19).  For  the  lower  rates  erosion  in  SF^  was  found  pi  oportional 

to  the  cltarge  passed, ^"idt.  The  observed  rate  of  ~10  pg  per  coulomb  is 

(20) 

similar  to  Belkin's  result  for  copper  cathodes  at  one  atmosphere  of  hel¬ 
ium  in  discharges  of  less  than  40  kA.  The  results  of  (19)  implied  the  fol¬ 
lowing  statements  useful  in  spark  gap  design  with  IClkonite: 

(1)  Erosion  is  a  str'ong  function  of  pr’Rssure,  inc^reasing  super- 
linearly  with  pressure  up  to  45  psia  and  at  least  linearly  to 
60  psia. 

(2)  Erosion  in  an  atmosphere  of  SF  is  increased  with  increas- 
ing  I’llF  in  the  range  0.2  to  10  pps. 

CJ)  I'irosion  is  i-ecluced  by  the  addition  of  50%  Ar  to  a  3  to  1 
mixture  of  Freon- 116  and 

(4)  Erosion  in  is  not  strongly  affected  by  electroiie  polarity. 

(5)  Erosion  in  tlie  I''reon- N  O- Ai'  mixture  (see  above)  is  polar- 
it, V- sensitive,  being  greater  for  an  anode. 

9,2  Three-  Eleidrode  Switch 

I’lie  addition  of  an  additional  electrode  to  the  simple  two- electrode 
gap  deserdbed  almve  provides  a  veliicle  for  initiating  closure  on  command. 

Two  basic  foi’ms  of  the  tlirec-electrodc  switch  are  the  field  distortion  switcli 
and  i.lie  trigatron. 

9,2.1  'Idle  Field- tlistor'lion  Switch 

A  typical  field-distortion  switch  is  shown  in  Figure  9.3.  Prior  to 
switching,  the  sharp-edged  mid-plane  electrode  is  held  by  meatis  of  capaci¬ 
tive  and/or-  resistive  gr-ading  at  the  potential  cor-i-esponding  to  the  equipoten- 
tial  establislied  at  its  pl^,^  steal  location  in  the  fiePl  between  the  main  electrodes. 
Closure  in  the  swinging  casc:ade  mode  is  illustrated  in  Figure  9.4.  In  this 
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Figure  9.  4  Swinging  cascade  breakdown  mode 
for  3-electrode  switch. 


•i  I 


inodL'  a  trigger  pulse  is  applied  to  the  mid-plane  electrode  thus  creating 

field  intensification,  ionization  and  breakdown  of  the  larger  gap  x.  When  gap 

X  breaks  down  the  voltage  on  the  mid-plane  electrode  swings  to  the  opposite 

direction,  greatly  overvolting  the  smaller  gap  y.  A  simultaneously  overvolted 

(SOV)  mode  is  also  possible  in  which  both  gaps  are  overvolted  to  breakdown 

(21) 

by  the  trigger  voltage  alone.  Operation  in  the  SOV  mode  is  said  to  mini- 

(22) 

mize  risetime  and  produce  a  clean  wavefront.  This  mode  requires  a  fast- 
rising  (rw.10  kV/ns)  trigger  voltage  to  be  applied  to  the  center  electrode. 

The  proportion  of  spacings  between  the  mid-plane  and  main  elec- 

(23) 

trodes  should  be  6G/40  to  70/30.  Barnes  et  al  have  demonstrated  the  in¬ 
adequacy  of  the  50/50  spacing  for  wide  range  triggering.  In  the  same  refer¬ 
ence  are  described  GO  kV,  field-d’ stortion  spark  gaps  with  an  inductance  of 
15- 18  mH  which  operate  at  a  peak  current  of  450  kA,  passing  7  coulombs  per 
pulse.  No  deterioration  was  noted  after  2000  shots,  A  trigger  requirement 
of  al  least  4  kV/ns  was  pointed  out  in  (23).  Further  anaiysis^^"^^  of  the  same 
type  of  switcli  indicates  +2  ns  jitter  with  an  18  ns  riselime  with  60/40  gap 
ratio,  Barlier  development  and  design  criteria  for  these  switches  are  given 


in  (25). 


A  15  kV,  1-  5  ns  risetime,  air  spark  gap  using  a  "heater"  capaci¬ 


tance  to  create  a  high- conductivity  spark  is  described  by  Vorob'ev  and  Kor- 

.  (26) 
shunov. 

An  important  aspect  of  risetime  is  the  resistance  time  of  the 

spark  channel.  As  mentioned  in  Section  8,  an  empirical  expression  has  beei 
(27) 

published  by  Martin  for  the  resistance  time  cf  a  gas  spark  channel  in 
nanoseconds: 


88  r_»j  r  1  1 

l“o  -1  [e’zJ 
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where 


E  is  the  field  along  the  channel  in  MV/ cm 

Z  is  the  generator  driving  impedance  in  ohmis 

p  /  p  is  the  ratio  of  the  gas  density  to  that  of  air  at  NTP 
o 

Judged  by  the  p  /  p  ^  term  hydrogen  would  be  an  attractive  candidate  for  fast 
risetime  switching.  Experimental  comparison  of  H  and  air  in  a  three-elec- 

A 

trode  gap  is  presented  in  (28)  in  which  a  factor  of  two  improvement  in  rise¬ 
time  is  observed  for  over  air.  However,  jitter  is  noticeably  greater, 
which  fact  is  attributed  to  a  shift  to  the  swinging  cascade  mode  rather  than 
SOV  operation.  Means  of  maintaining  SOV  mode  are  discussed. 

In  considering  the  mid-plane  gap  for  very  high  voltage  switching, 
it  should  be  noted  that  trigger  voltage  requirements  are  inherently  high,  be¬ 
ing  nearly  equal  to  the  holdoff  voltage  of  an  entire  switch. 


9.2.2  The  Trlgatron 


The  trigatron  form  of  switch  initiates  closure  by  both  ionization 
and  field  distortion.  A  third  electrode,  usually  a  pin,  small  relative  to  the 
main  electrodes,  is  mounted  coaxially  within  and  insulated  from  one  of  the 
main  electrodes.  A  discharge  is  initiated  between  the  trigger  pin  and  its 
host  electrode  by  means  of  a  pulse  of,  say,  a  few  tens  or  hundreds  of  kilo¬ 
volts  thereby  providing  the  necessary  charge  ca^-riers  plus  local  field  intens¬ 
ification  which  rapidly  cause  the  main  gap  to  conduct.  See  Figure  9,5. 

The  mechanism  of  trigatron  closure  has  been  studied  in  some 
(29-33) 

detail.  At  least  two  stages  of  discharge  development  may  be  dis¬ 

tinguished:  a  threading  of  the  gap  with  filamentary  discharges  on  applica¬ 
tion  of  the  trigger  pulse  and  the  development  of  a  main  stroke  propagating 
8  9 

at  10  -10  cm/sec  which  can  be  explained  by  the  streamer  mechanism  (Sec¬ 
tion  4.  1). 


Of  more  immediate  concern  to  switch  design  is  Shkuropat's 
summary  of  trigatron  operation  according  to  electrode  polarity  shown  in 
Table  9.2.  This  summary  pertains  to  gaps  operating  in  excess  of  40%  VSB 
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Electrode  2 


9.5  Trigatron. 


nRHi 


wlicre  lield  distortion  is  the  primary  triggering  mechanism.  For  lower  oper¬ 
ating  voltages  stable  operation  requires  high-current  (rs.60  kA)  triggering. 

A  limited  range  of  trigatrons  is  available  commercially  (Table 
8.  1).  Many  spe'-ial  designs  have  been  developed  using  a  high  pressure  gas 
dielectric  such  as  N  ,  CO  ,  SF  at  pressures  from  100-400  psi.  Operational 

A  0 

voltages  have  been  as  high  as  10  MV.  Such  switches  have  significant  dimen¬ 
sional  departures  from  the  ~50  kV  devices  studied  by  Shkuropat,  but  are  com¬ 
parable  in  size  Lo  the  MV  switches  examined  by  Broadbent  and  Shlash/^^^ 
having  main  electrodes  of  meter  dimensions  and  gap  lengths  of  tens  of  centi¬ 
meters. 


Low  voltage  (20-100  kV)  trigatrons  have  trigger  requirements 
similar  to  the  swinging  cascade  devices  already  described;  i.e.,  trigger  volt¬ 
age  must  be  a  substantial  portion  of  the  main  gap  voltage.  Megavolt  triga¬ 
trons  have  the  distinct  advantage  of  requiring  relatively  low  trigger  voltages 

(34) 

to  initiate  fast  switch  closure,  with  an  amplitude  ~200  kV  being  adequate 
even  for  switches  with  main  gap  potentials  >10  MV. 

The  precise  i;ontrol  arid  low  jitter  operation  achievable  with  multi¬ 
megavolt  trigatrons  has  made  possible  the  operation  of  such  switches  with  a 
multiplicity  of  simultaneously-triggered,  current- sharing  channels.  Exten¬ 
sive  data  on  tbs'  operating  range  of  double- channel  multimegavolt  switches 

are  presented  in  (19),  One  of  the  most  notable  trigatrons  is  the  six- channel, 

(3d) 

4.  5  MV  output  switch  in  the  ARES  EMT^  generator  which  has  consistently 

exhibited  riselimes  well  below  10  ns. 

Other  state-of-the-art  examples  of  large  trigatrons  ar'e  the  3-MV, 

250  kA  Gamble  I  switch  and  the  array  of  four  2  MV  switches  passing  400-800 

(36) 

kA  through  4-10  atmospheres  of  SF^  in  the  Blackjack  facility. 


9 .  3  ^ *hoton  Initiated  Switch 

The  energy  required  to  produce  the  initial  electrons  or  to  preion- 
the  dist:harge  path  during  a  switch  closure  can  be  supplied  by  means  of 
Ijtioions  ranging  from  ul1  raviolet  to  infrared. 
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Non- coherent  sources  of  ultraviolet  radiation  have  long  been 

used  as  a  means  of  providing  the  initial  electron  in  both  switches  and  voltage 

breakdown  measurements  to  eliminate  the  statistical  delay  time.  For  direct 

photoionization  of  O  and  N  molecules,  photons  with  wavelengths  990  X  and 
o  2  2 

790  A,  respectively,  are  required.  When  photons  are  used  to  overcome  the 

work  function  of  the  electrode  surface,  it  is  found  that  photoelectron  emission 

grows  rapidly  with  decreasing  photon  wavelength,  the  threshold  wavelengths 

o 

for  Cu,  Fe,  and  A1  being  in  the  range  2600-3000  A.  Because  of  the  absorp¬ 
tion  of  such  shortwave  radiation  in  air,  it  is  necessary  to  keep  the  source  of 

o 

quanta  as  near  as  practicable  to  the  target.  Use  of  IlOO  A  -  radiation  will 

minimize  the  absorptive  effect  of  intervening  air. 

Typical  applications  of  this  technique  utilize  fast- rising  spark  gaps 

or  mercury-vapor  lamps  as  sources  of  UV  radiation.  Sometimes,  as  in  the 

case  of  a  multiple -switch  device  (e.g,  Marx  generator),  spark  gaps  may  be 

arranged  so  that  the  gaps  which  fire  earlier  irradiate  the  later- firing  gaps. 

The  application  of  UV  radiation  for  preionizing  the  discharge  path 
(38  39) 

has  been  reported  by  Bradley  '  who  found  an  order  of  magnitude  increase 

in  streamer  velocity  in  an  irradiated, pulse-charged,  1-cm  gap  in  the  range  of 

1-12  atmospheres  of  N  .  His  sources  of  UV  include  a  fast-rising  spark  gap 

^  o 

and  a  super- radiant  N  laser  operating  at  3371  A. 

A 

Although  the  electromagnetic  radiations  from  a  spark  gap  and 
from  a  laser  are  of  identical  nature,  the  processes  whereby  gas  breakdown 
occurs  in  the  presence  of  one  or  the  other  type  of  radiation  are  substantially 
different.  Principally,  laser  radiation  is  coherent  and  capable  of  being  focused 
to  very  intense  power  densities.  The  resulting  gas  breakdown  and  electrode 
interactions  provide  the  basis  for  the  very  precise  method  of  switch  closure 
known  variously  as  the  laser-triggered  switch  (LTS)  and  the  lasci'-ti  iggered 
spark  gap  (LTSG),  Before  discussing  these  devices,  let  us  consider  some  of 
the  basic  phenomena  which  inlluence  their  behavior. 

Laser  induced  breakdown  of  gases  has  been  the  subject  of  consid¬ 
erable  research.  A  review  of  this  work  by  DeMichelis^"^^^  contains  a  thorough 
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synopsis  of  the  breakdown  mechanisms  together  with  a  bibliography  of  161 
papers  pui)lished  in  the  open  scientific  literature  through  May  1968.  Included 
in  the  review  are  discussions  of  the  effects  of  gas  pressure  and  laser  wave¬ 
length  on  breakdown  power  threshold.  Some  more  recent  literature  is  very 
brielly  described  in  (41). 

For  the  gases  of  interest  to  switch  designers,  the  power  required 

for  breakdown  decreases  with  increasing  pressure  to  at  least  1000  psig. 

(40)  o 

After  reaching  a  peak  around  6000  A,  the  wavelength  dependence  of  break¬ 
down  appears  to  decrease  monotonically  with  increasing  wavelength.  Some 

recent  measurements  in  Ar  show  a  power  requirement  of  10^^  to  10^^  W/cm^ 

o  o  (42)  8  2 

in  the  range  7  300  A  to  8400  A,  which  is  reduced  to  ~10  W/cm  at  the 

10.6  p,m(106,  000^  wavelength  of  the  CO  laser. 

In  most  switching  work  the  laser  beam  is  focused  on  or  very  near 
the  surface  of  an  electrode,  thus  complicating  the  understanding  of  spark  for¬ 
mation  still  further.  Gases  liberated  by  reason  of  evaporation  of  part  of  the 
electrode  surface  will  interact  with  the  laser  beam  in  the  production  of  the 
initiating  discharge.  A  source  of  initiating  electrons  exists  also  in  the  therm¬ 
ionic  emission  of  electrons  from  local  hot  spots  on  the  target  electrode  as 
suggested  in  (37),  (44)and(45).  Khan  has  calculated  the  factors  which  maxi¬ 
mize  the  Richardson  heating  of  an  electrode  and  suggested  electrode  mate¬ 
rials  in  order  of  decreasing  preference:  Ta,  W,  brass,  A1  and  Cu.  A  num¬ 
ber  of  papers  dealing  with  electrode-laser  inteiactions  are  included  in  refer¬ 
ence  (46). 


Tlie  nature  of  the  path  between  the  initiating  discharge  and  the 

opijosite  electr-ode  lias  an  important  bearing  on  the  delay  and  jitter  encountered 

in  switch  breakdown.  In  the  event  that  the  spark  gap  axis  and  laser  path  are 

(47) 

(,o-lineai-,  the  studies  of  streamer  propagation  overlong  paths  and  the 
onset  of  seJ  ]'- focusi ng  are  pertinent.  Self- focusing  deals  with  the  establish¬ 
ment  01  a  dielectric  waveguide  in  a  medium  whose  dielectric  constant  increases 
v/ith  electric  fieliJ  intensity,  but  which  is  homogeneous  in  the  absence  of  an 
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electromagnetic  wave.  This  effect  has  been  studied  to  a  large  extent  in 
(49)  (50  51) 

the  USSR  and  Canada.  ’  Two  important  characteristics  of  self-focus¬ 
ing  are  the  existence  of  breakdown  regions  less  than  5  pm  in  diameter  and  the 
threshold  estimates  of  1-80  MW  in  air  over  the  pressure  range  100-1  atmos¬ 
phere. 

Laser-triggered  switching  has  been  reviewed  by  Guenther  and 
(52  53)  (54) 

Bettis.  '  Although  Pendleton's  early  work  dealt  with  irradiation 
orthogonal  to  the  axis  of  the  dielectric  gap  or  electrode,  most  of  the  subse¬ 
quent  work  has  utilized  a  coaxial  geometry  similar  to  that  in  Figure  9.  6  in 
which  the  laser  beam  is  focused  on  or  slightly  below  the  electrode  surface. 

The  mechanism  of  breakdown  in  the  LTS  is  generally  understood  as  a  two- 
step  process  in  which  the  initial  electron  density  grows  in  avalanche  fashion 
while  partially  traversing  the  gap  until  a  critical  number  of  electrons  exists 

such  that  the  avalanche  evolves  into  a  streamer  which  very  rapidly  closes 
( 52  53) 

the  remaining  gap.  '  The  streamer  theory,  initially  proposed  in  con¬ 
nection  with  Q- switched  laser  pulses  (^..10  ps  duration)  has  recently  been  found 

(55) 

in  agreement  with  experimental  behavior  of  a  nitrogen  gap  triggered  by 
means  of  a  7-ps  pulse.  The  avalanche- streamer  breakdown  model  is  sum¬ 
marized  in  equation  (2)  for  the  switching  delay  in  closing  a  gap  of  width  d: 


t 


In  n  -  In  N  d  -  X 

c  _ 2  +  ^ 

r'  V  S 


(2) 


where 


n  =  critical  number  of  electrons  at  avalanche- streamer 
c 

transition 

X  =  distance  from  target  electrode  to  point  of  avalanche- 
c; 

streamer  transition 


N  =  initial  ionization 

o 

ci  =  first  Townsend  coefficient  of  the  gas 

V  =  electron  drift  {<>..avalanche)  velocity 

s  =  streamer  velocity 
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( 52) 

Two  regions  of  delay  can  be  identified  in  terms  of  their  associated  jitter. 
First,  when  the  total  delay  is  less  than  the  duration  of  the  laser  pulse,  the 
value  of  continues  1.0  increase,  thus  reducing  switch  jitter  to  a  minimum. 
Second,  when  delay  is  significantly  greater  than  pulse  duration,  the  growth 
of  the  avalanche  includes  statistical  iluctuations  which  result  in  a  jitter  of 
about  10%  of  the  delay.  Under  certain  conditions  in  which  laser  power  density 
at  the  target  electrode  is  kept  constant,  the  delay  may  be  increased  while 

maintaining  low  jitter  by  decreasing  the  power-  density  along  the  discharge 

rv  <56) 
path. 


In  assessing  the  effect  of  laser  power  on  LTS  operation  it  is  neces¬ 
sary  to  consider  the  beam  divergence  0  of  the  laser  and  the  focal  length  f  of 
the  lens,  since  the  minimum  spot  size  upon  which  the  laser  power  can  be  dir¬ 
ected  has  a  diameter  a  =  f  0  .  The  pulse  dui-ation  must  also  be  taken  into 
account  as  evidenc-ed  in  Figures  9.  7  and  9.  8  which  show  a  distinct  turning 
point  in  jitter  wlien  tlie  delay  has  dropped  below  tlie  total  laser  pulse  duration. 
As  can  be  understood  from  the  variation  of  gas  breakdown  threshold  with  wave¬ 
length,  tliis  factor  must  also  be  considered. 

For  the  cost-conscious  designer  of  an  LTS  system  for  a  single 
gap  or  for  one  who  must  close  several  switches  by  means  of  the  same  laser 
beam,  an  estimate  of  the  minimum  power  to  do  the  job  is  necessary.  Assum¬ 
ing  a  jitter  of  very  few  nanoseconils  to  be  allowable.  Table  9.3  has  been  com¬ 
piled  to  show  representative  operating  parameters  and  laser  specifications 
which  relate  to  power  available  for  switching,  ddie  information  in  the  table, 
although  not  intended  to  be  comprehensive,  does  show  the  potential  advantage 
of  the  longer  neodymium  wavelength.  For  high  repetition  rates,  of  a  few  tens 
of  pps,  only  the  Nd:YAG  is  feasible.  As  shown  in  reference  (57),  subnano¬ 
second  jitter  at  up  to  50  pps  can  be  achieved  with  very  low  power  from  a  Nd: 

Y AG  laser. 

As  is  clear  from  the  parametersin  equation  (2),  tlie  gas  composi¬ 
tion  is  of  considerable  importance.  Generally  ore  should  try  to  couple 
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Figure  9.  7  Delay  versus  laser  power  from  0.028  to  11  MW. 
Total  laser  duration  14-15  ns. 

The  pulsewidth  (FWHM)  5.  5-6.  5  ns. 


Figure  9.  8  Jitter  versus  laser  power. 


reasonable  dielectric  hold  off  capability  with  a  high  a  v  product.  Fortunately 
the  power  threshold  for  laser-induced  breakdown  goes  inversely  with  pres¬ 
sure,  just  the  opposite  of  dielectric  strength.  Thus  the  addition  of  a  gas  with 
larger  photo- absorption  cross-section,  such  as  Ar  can  be  offset  to  some  ex¬ 
tent  by  increasing  the  gas  pressure.  The  effects  of  gas  composition  and  pres- 

,  .  ,  .  •,  ,  <45,  56,  57,  58)  _  ^  ^ 

sure  have  been  shown  in  several  references.  in  general,  delay 

and  jitter  go  down  as  the  percentage  of  Ar  is  increased.  Dielectric  holdoff 

considerations  usually  eliminate  the  use  of  100%  Ar  in  switching  applications. 

A  mixture  of  50%  Ar,  40%  N  and  10%  SF  was  used  in  a  3 -MV  switch  which 

A  o 

was  triggered  in  10  +0.7  ns  by  means  of  a  160  MW  pulse  from  a  liigh-bright- 
ness,  Q- switched  ruby  laser.  Delay  data  for  this  switch  is  shown  as  a  fre¬ 
quency  of  occurrence  diagram  in  Figure  9.  9. 

The  effect  of  switch  polarity  is  quite  small  and  more  of  academic 

than  practical  interest. Guenther  and  Bettis^ have  observed  that  a 

(56  58) 

charged  anode  target  is  preferred.  Other  investigators  '  '  have  not  ob¬ 
served  a  polarity  effect  in  their  range  of  operation. 

The  precision  with  which  a  spark  gap  can  be  closed  using  LTS 
recommends  this  technique  for  multiple- switch  operation  in  which  the  laser 
beam  is  split  one  or  more  times  either  to  initiate  a  number  of  synchronous 
gaps  or  to  produ(;e  two  or  more  distinct,  current- sharing  channels  across 
a  single  spark  gap.  The  operation  of  four  50dcV  gaps  at  50  pps  with  a  syn¬ 
chronization  of  ~0.  1  ns  is  reported  in  reference  (61).  A  diagnostic  system 
for  indicating  synchronization  is  also  described.  In  this  case,  splitting  of 

the  laser  beam  is  achieved  by  means  of  glass  plates  inserted  in  the  beam  at 

(45) 

a  predetermined  angle.  A  similar  technique  is  reported  by  POian  for  a 
five-gap  system  at  30  kV.  The  application  of  multigap  LTS  to  Marx  gener¬ 
ator  operation  is  described  in  (56).  Double- channel  LTS  has  been  reported 
in  the  megavolt  range  in  references  (53)  and  (56).  Both  papers  report  a  re¬ 
duction  in  risetime  by  nearly  a  factor  of  two  when  current- sharing  exists 
between  the  two  channels.  Beam  splitting  must  be  quite  precise  to  observe 
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Figure  9.9  Frequency  of  delay  occurrence. 

Gas:  300  psig,  50%  Ar,  40%  N  ,  10%  SF„ 

2  6 

Gap:  11  cm;  Potential:  +  3.05  MV.  94%  SBV 

E/p:  17.  4  V f  cm  torr;  Laser  Power:  160  MW  @  6943 
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full  current- sharing.  Because  of  spatial  non-uniformities  in  the  laser  beam 
cross  section,  it  is  important  to  use  a  beam  splitter  which  divides  the  en¬ 
tire  beam  rather  than  a  segmenting  typ6  of  divider  which  spatially  cuts  up 
the  beam  (i.  e.,like  a  pie,  for  Instance). 

9.  4  Electron  Beam  Initiated  Switch 

The  ionization  required  to  close  a  gas- insulated  switch  can  also 
be  achieved  by  means  of  a  beam  of  high-energy  electrons.  In  early  Soviet 
work'”  performed  at  Leningrad  Polytechnical  Institute  in  1339,  electron 
beams  were  accelerated  by  pulsed  discharge  devices  of  2000  and  700  kV. 

The  firing  voltage  of  an  air-insulated  spark  gap  was  found  to  decrease  by 
50%  below  its  static  value  when  the  electron  beam  was  directed  along  the 
electric  field  between  the  electrodes.  No  decrease  was  noted  for  opposite 
polarity.  A  reduction  of  electron  beam  intensity  by  two  orders  of  magnitude 
did  not  change  the  effect  of  the  beam  on  switch  closure.  Furthermore, 
gamma- radiation  occurring  simultaneously  with  the  electrons  was  shown  to 
be  ineffective  in  reducing  the  firing  voltage. 

More  recent  work  reviewed  in  (61)  studied  the  triggering 
action  of  3-4  MeV  electrons  with  a  pulsed  current  of  0,2  A  on  a  uniform 
field  spark  gap  insulated  with  N  and  H  at  pressures  from  12.  5-500  torr. 

A  o 

When  triggered,  the  c  losing  voltage  of  the  spark  gap  dropped  to  20%  of  the 
static  discharge  voltage,  whicih  fell  between  1.2-13  kV  depending  on  gap 
length  (0.  6-10  mm)  and  pressure.  Breakdown  was  said  to  be  caused  by  , 
field  distortion  introduced  into  the  gap  by  the  space  charge  created  by  the 
elecLi-on  beam.  Belay  time,  which  was  not  studied,  was  estimated  as  100  ^.s 
or  less  as  the  maximum  voltage  was  approached. 

A  discussion  of  the  current- voltage  characteristics  of  an  elec¬ 
tron-beam  initiated  discharge  in  high  pressure  gas  is  given  in  (63).  A  titan- 

2 

ium  window  foil  was  used  to  pass  the  20  cm  electron  beam  into  a  gap  hav¬ 
ing  widths  of  2-20  mm  at  pressures  of  1-16  atmosphere  of  N^.  Gap  voltage 
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was  in  the  range  5-250  kV  pulsed  and  5-50  kV  static.  The  electron  beam  had 
a  maximum  energy  of  180  keV  and  an  average  energy  of  80  keV.  The  dis¬ 
charge  growth  time  was  determined  to  vary  from  240  to  about  10  ns  as  the 
gap  voltage  was  increased  from  100  to  210  kV  at  pd  =  5320  torr  cm. 

Most  recently,  electron-beam  switching  in  high  pressure  gas  has 
been  reported  by  Abramyan  et  who  used  a  Tesla  transformer  to  charge 

the  spark  gap  to  0,2-1  MV.  An  electron  beam  of  150-400  keV  and  a  current 
of  /^Jl0  A  was  injected  through  a  5  u,m  A1  foil  in  5  ns  along  the  axis  of  the  gap 
and  directed  at  a  positive,  pulse-charged  electrode.  It  was  found  that  an  in¬ 
crease  in  the  operating  voltage  from  55%  to  85%  VSB  decreased  the  delay 
from  the  range  100  to  150  +30  ns  (for  various  beam  energies)  to  the  range  20 
to  40  +1  ns.  Operation  below  50%  VSB  did  not  result  in  a  discharge.  Above 
-85%  VSB  self-maintaining  breakdown*  would  occur  infrequently.  The  time 
delay  was  found  to  decrease  as  the  energy  of  the  injected  electrons  was  de¬ 
creased  from  430  to  150  keV,  a  result  in  accord  with  the  increased  stopping 
power  of  gas  for  lower  energy  electrons. 

In  eight  atmospheres  of  the  gap  was  closed  at  360  kV,  86% 
VSB,  by  means  of  a  150  keV,  3  A  electron  beam  in  a  time  of  20  +1  ns.  In 
eight  atmospheres  of  natural  gas,  switching  could  be  carried  out  at  voltages 
near  1  MV. 

The  rate  of  discharge  development  x  10^  i.m/sec  does  not 
contradict  the  results  of  streamer  breakdown  theory. 

9.  5  Design  Considerations 

When  system  requirements  of  high  current,  high  voltage,  low  in¬ 
ductance,  short  delays  and  wide  range  of  voltage  control  exi.st  that  cannot  be 
met  by  commercially  available  switching  devices  (Section  8),  the  gas-insulated 
spark  gap  should  be  given  serious  consideration  in  the  custom  design  of  a 
switch.  Gas  insulated  switches  are  self-healing,  c;apable  of  repetitive  oper¬ 
ation  with  minimum  maintenance,  and  when  suitably  enclosed,  relatively 
quiet  in  operation. 
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The  previous  sections  have  described  various  forms  of  gas  switches, 
categorized  primarily  according  to  their  method  (or  lack  thereof)  of  triggering. 
The  order  of  the  discussion  is  indicative  of  the  level  of  complexity  of  the  trig¬ 
gering  scheme.  Economy  of  design  will  be  served  by  choosing  the  least  com¬ 
plicated  method  of  switching  that  will  satisfy  the  operating  requirements.  The 
three- electrode  gap  in  one  of  its  forms  is  usually  satisfactory.  Experimenters 
who  already  have  high-powered  lasers  and  who  wish  to  synchronize  an  event 
with  the  output  pulse  of  the  laser  have  found  the  laser-triggered-switch  quite 
useful.  The  LTS  is  a  most  convenient  technique  for  operating  an  electro-optic 
cell  to  gate  out  a  single  mode-locked  pulse  from  a  train  of  such  pulses. 

Except  for  those  operating  in  atmospheric  air,  switches  must  be 
integrated  with  the  rest  of  tlie  high  voltage  system.  It  is  fortunate,  indeed, 
if  a  high  pressure  switch  is  to  be  operated  in  the  same  dielectric  environment 
as  the  energy  store  Ijeing  switched  as,  for  example,  in  the  multimegavolt, 
gas-insulated  Hash  X-ray  machines  used  in  nuclear  weapons  effect  simula¬ 
tion.  Usually  the  gas- insulated  switch  must  be  isolated  from  a  liquid,  gas¬ 
eous  or  vacuum  environment  by  means  of  a  solid  dielectric  c;ell  such  as  lucitc, 
or  fiberglass.  Electrode  plates  are  held  in  place  by  means  of  dielectric  bolts 
or  threaded  rods  whicli  are  usually  loi-ated  outside  the  switch  cell  in  the  host 
dielectric.  Design  of  the  switch  cell  and  fastening  rods  requires  considera¬ 
tion  of  the  voltage  llashover  data  discussed  in  appropriate  earlier  sections  of 
this  report. 

At  all  times  when  handling  compressed  gases,  due  attention  must 
be  paid  to  the  significant  amount  of  mechanical  energy  stored  in  a  volume  of 
compressed  gas.  Standard  ASME  codes  should  be  adhered  to  in  the  design 
and  utilization  of  pressurized  gas  enclosures.  Chemical  hazards,  such  as 
the  toxic  decomposition  products  of  SF  and  Freon,  must  eiIso  be  guarded 

D 

against. 

Hazards  which  may  seem  unusual  to  the  average  high  voltage 
worker  are  present  in  the  use  of  lasers  for  spark  gap  triggering.  Personnel 
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should  be  protected  by  means  of  eye-goggles  which  reject  the  laser  output 
wavelength.  The  danger  is  more  subtle  at  wavelengths  beyond  the  visible 
region.  In  can  be  said,  however,  that  personnel  danger  is  likely  to  be  greater 
from  the  high  voltage  supplies  used  to  operate  lasers  than  from  the  lasers 
themselves. 

Optical  components  should  be  properly  coated  and  constructed 
of  bubble-free  material  to  avoid  damage  from  high  powered  laser  beams. 

A  cost  tradeoff  can  be  made  in  this  case,  however,  especially  in  develop¬ 
mental  programs.  For  example,  one  can  purchase  100  or  more  simple 
lenses  from  Edmonds  Scientific  for  the  price  of  a  single  anti- reflection- 
coated,  fused  silica  lens  of  similar  focal  properties. 


I 
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SECTION  10 
LIQUID  SWITCHES 


Liquids  possess  self-healing  properties  similar  to  gases,  and  generally  have 
relatively  higher  dielectric  strengths.  Thus,  lesser  gap  spacing  can  be  used 
for  comparable  voltages  with  a  resultant  lowering  of  switch  inductance  and 
risetime.  Moreover,  the  inclusion  of  a  liquid  switch,  liquid  energy  store 
and  liquid-filled  PFN  in  a  single  container  offers  obvious  advantages  over  a 
system  in  which  the  switch  contains  a  different  dielectric  medium  than  the 
connected  elements. 

Since  the  dc  self-breakdown  voltage  of  a  liquid  dielectric  switch 
is  quite  erratic  due  to  entrained  bubldes,  impurities^  and  density  gradients, 
this  type  of  switch  should  be  considered  only  for  pulse- charged  operation. 
Closure  of  liquid- filled  switches  can  he  accomplished  by  many  of  the  same 
techniques  already  describoci  for  gas  switdies, 

10,  1  OvervoltecJ  .Swit<-h 

Overvolted  gaps  insulated  with  oil  or  water  have  been  widely  used 
to  provide  fast- rising  pulses  in  a  simple  manner-.  Jitter  of  .1  or  4%  of  the  de¬ 
lay  time  and  closure  gradients  of  400  kV/cm  in  oil  and  300  kV/cm  in  water- 
have  been  obtained  for  microsecond  pulse-charge  times.  A  3  MV  oil  gap 
overvolted  switch  in  a  30  ohm  Blumlein  pulse  has  exhibited  a  closure  time  of 

about  40  ns  for  a  5  cm  gap  setting.  This  switch  is  said  to  be  reusable  for 

(2) 

more  than  100  pulses. 

Risetime  of  the  pulse  due  to  the  duration  of  the  resistive  phase 
can  be  calculated  in  ns  from 


5  p 


1/2 


R 


(1) 
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where  p  is  the  density  in  gm/cc 

is  the  driving  impedance 

E  is  the  mean  breakdown  field  strength  in  MV/cm 
B 

This  relation  was  used  in  reference  (3)  to  make  a  design  choice  of  pressurized 

SF  over  oil  as  the  insulant  in  a  proposed  5  MV  output  switch  for  a  RES  II 
6 

system. 

Some  preliminary  tests  oij  a  250  kV,  three- channel  water  switch 

are  described  in  reference  (4),  which  showed  both  streak  and  time-integrated 

photographs  of  the  closings.  Jitter  time  between  channels  was  less  than  200 

ns  and  current  sharing  was  unequal. 

Multichannel  switching  at  400  kV  in  an  edge-to-plane  geometry  34 

( 5) 

cm  long  has  been  reported  by  Martin,  The  edge  required  periodical  sharp  ¬ 
ening  during  liquid  breakdown  tests.  In  view  of  the  severe  personnel  hazards, 
not  to  mention  the  carbon  by-products,  the  use  of  C  Cl^  for  the  dielectric  fluid 
reported  in  (5),  should  be  discouraged. 

A  200  kV  self-breaking  multichannel  water  switch  was  examined 

( 6) 

for  the  Super  COGEN  program.  An  average  of  the  data  showed  risetime 
decreasing  from  25  ns  to  10  ns  as  the  number  of  channels  firing  increased 
from  2  to  6,  while  operating  into  a  1. 6  ohm  load. 

10.2  Three  Electrode  Switch 

The  field- distortion  or  mid-plane  switch  has  been  used  with  some 
success  in  pulse-charged,  liquid-filled  gaps.  Water  gaps  have  been  used  up 
to  3  MV  in  both  single  and  multichannel  modes.  Oil  gaps  have  been  operated 
at  levels  up  to  5  MV.  A  mid-plane,  double-channel  water  gap  for  opera¬ 
tion  up  to  300  kV  is  discussed  in  (6). 

Tests  of  a  45  kV  trigatron  insulated  with  technical  water  is  re- 
(7) 

ported  by  Aksenov  et  al.  The  geometry  is  essentially  that  of  the  gas  trig- 
atrons  described  earlier,  except  that  the  trigger  electrode  is  a  disk  having  a 
diameter  almost  half  that  of  its  host  electrode.  The  auxiliary  discharge  takes 


-466- 


place  across  an  annular  gap  0.  15  cm  wide,  and  the  main  gap  spacing  is  1  cm. 

A  trigger  voltage  pulse  of  22  kV  was  used  while  the  main  gap  was  operated  at 
20-35  kV.  A  maximum  delay  time  of  60-80  |j,s  was  noted  for  main  gap  break¬ 
down  when  the  trigger  pulse  and  main  gap  pulse  arri\/ed  simultaneously.  Main 
gap  delays  of  less  than  10  y,s  were  observed  when  the  main  pulse  arrived  /v^80  ^.s 
after  breakdown  of  the  trigger  gap.  This  latter  mode  of  operation  also  resulted 
in  maximum  current  output  (~25  kA). 

Another  reference  to  liquid- filled  switches,  concerning  transformer 

oil,  ijidicates  their  use  has  not  been  popular  in  the  USSR  because  of  their  in- 

(8) 

stability  and  short  life. 

Two  instances  of  repetitive  operation  of  three-electrode  liquid 

(9) 

switches  have  not  resulted  in  very  useful  devices.  Proud  and  Huber  inves¬ 
tigated  the  possibility  of  dispersing  the  impurity  growth  due  to  electrophoresis 
and  flocculation  in  transformer  oil  by  means  of  agitation,  but  found  that  the 
maintenance  of  high  purity  in  a  repetitive  gap  was  not  practical.  They  com¬ 
pared  non- carbonizing  liquid  nitrogen  with  oil  in  the  same  gap  and  found  hold- 
off  improved  fourfold.  Their  motivation  for  recommending  further  effort 
with  liquid  was  the  observation  that  the  spread  of  breakdown  lag  data  was 
only  20%  as  wide  for  liquid  as  for  gas. 

A  mechanically  triggered  three-electrode  switch  in  fluorocarbon 
FC-77  fluid  is  described  by  Wilson,  A  pair  of  stainless  steel  electrodes 
with  one-inch  separation  were  triggered  by  means  of  a  rod  electrode  rotating 
between  them  at  60  or  120  pps,  depending  on  drive  motor  rpm.  Running  times 
of  2  to  6  hours  at  50  kV  were  achieved  by  means  of  filtering  the  fluid  about 
once  per  minute.  Jitter  times  were  about  +10  ^s  -  quite  reasonable  for  a 
mechanical  switch. 


Laser  Initiated  Switch 


Guenther  and  Bettis. 


Liquid- insulated  LTS  has  been  discussed  in  the  review  articles  of 
d  Bettis.^  Since  streamer  velocities  in  liquids  are  considerably 
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slower  than  those  of  gases,  shorter  gaps  and  more  powerful  (brighter)  lasers 
are  advisable  for  fast  switching. 

( 13) 

In  a  dc  charged  switch  insulated  with  transformer  oil,  Marolda 
used  a  500  MW  ruby  laser  to  close  a  0.365  cm  gap.  Delay  times  varied  from 
the  microsecond  region  for  orthogonal  irradiation  to  less  than  30  ns  in  the 
coaxial  geometry  (Section  9.  3). 

( 14) 

LTS  has  been  reported  in  pulse-charged  water  gaps  at  430  k/ 
(15) 

and  oil  gaps  at  up  to  700  kV.  The  work  with  oil  is  described  in  some  de- 
(15) 

tail  by  Zigler  who  attempts  to  relate  liquid  and  gaseous  breakdown  theories 
in  the  absence  of  any  well  formulated  theory  of  liquid  breakdown.  The  non- 
linear  self- focusing'  ’  phenomenon  mentioned  in  connection  with  gases 
probably  plays  a  part  in  preparing  the  breakdown  channel.  An  interesting 
observation  in  this  connection  can  be  made  concerning  LTS  in  a  20  mm  oil- 
filled  gap  charged  to  a  few  percent  of  SBV.  In  this  case  it  was  observed  that 
the  laser  pulse  crossed  the  gap  as  much  as  150  ns  before  the  application  of 
any  voltage  across  Hie  gap,  thus  inciicating  that  the  preionized  gap  retains  its 
low  impedance  for  hundreds  of  nanoseconds  after  the  passage  of  the  laser 
beam.  Zigler  also  demonstrated  experimentally  that  a  focus  position  2  mm 
below  the  electrode  surface  gave  best  results.  Delay  times  as  low  as  10  ns 
with  jitter  of  +1  ns  were  recorded. 


10.4  Design  Considerations 

As  stated  earlier,  the  liquid  dielectric  switch  is  self-healing  and 
can  be  convenient  to  use  in  a  low  impedance  system  which  employs  similar 
liquid  in  its  energy  store  and  PFN,  Though  messy  at  times,  liquids  such  as 
oil  and  water  are  far  safer  than  compressed  gas,  as  implied  by  the  fact  that 
pressure  vessels  are  hydrostatically  tested  before  requiring  them  to  with¬ 
stand  gas  at  similar  pressures. 

Liquid  dielectric  switches  should  be  restricted  to  pulse- charged 
operation,  and  to  systems  where  the  convenience  of  impedance  matching 
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outweighs  their  relative  imprecision.  Applications  for  LTS  in  liquid  should 

be  examined  with  due  consideration  of  the  cost  of  the  high-powered  lasers 

required  and  the  damage  to  lenses  and  laser  crystals  likely  to  be  experienced 

( 18 ) 

due  to  shock  propagation  in  the  liquid  and  stimulated  Brillouin  scattering 

which  can  direct  the  laser  beam  back  on  its  source. 

Erosion  of  electrodes  in  liquids  is  enhanced  by  the  concentration 

of  the  spark  into  a  narrow  channel,  a  fact  which  is  used  to  advantage  in  spark- 
( 19) 

machining.  Investigators  in  the  machining  field  using  a  kerosene  dielectric 

have  found  anode  erosion  to  be  much  smaller  than  that  on  the  cathode  because 

(20) 

of  the  adhesion  of  carbonized  particles  of  kerosene  on  the  anode  surface. 

In  their  tests,  copper  or  silver  anodes  underwent  ~1%  of  the  erosion  (by 

2 

weight)  of  carbon  steel  cathodes.  Similar  favoring  of  the  anode  in  MA/cm 
discharges  in  kerosene  is  reported  in  reference  (21).  Experimental  results 
are  given  for  electrodes  constructed  of  Cu,  Ni,  Fe,  Al,  W,  Mo,  Pb  and  Sn. 

For  breakdown  strengths  of  switching  liquids  consult  Section  5 
of  this  report  and  reference  (22). 
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SECTION  11 
SOLID  SWITCHES 


Solid  dielectric  switches  offer  the  advantage  of  very  low  impedanc>; 
and  high  current  capability.  These  switches  are  commonly  used  at  dc  voltages 
up  to  100  kV,  and  operation  has  been  I'eported  at  levels  as  high  as  500  kV, 
pulse- charged.  ^  A  significant  and  obvious  disadvantage  to  solid  dielectric 

switches  is  their  lack  of  self-healing  and  the  necessity  of  replacing  the  dielec¬ 
tric  after  each  event.  Triggering  of  such  switches  is  accomplished  either  by 
electromechanical  puncturing  for  microsecond  jiiter  or  by  means  of  an  explod¬ 
ing  foil  or  wire  situated  between  and  insulated  from  the  main  electrodes  to 
achieve  modest  jitter  of  tens  of  nanoseconds.  In  the  latter  case,  not  only  the 
dielectric,  but  also  the  trigger  assembly  must  be  replaced  after  each  shot. 

11.1  Overvolte d  Switch 

The  simplest  form  of  solid  dielectric  switch  is  one  in  which  a 
sheet  of  polyethylene  or  mylar  is  pressed  between  a  pair  of  electrodes  and 
then  overvolted.  Rather  erratic  behavior  can  be  expected  from  such  a  simple 
arrangement  because  the  discharge  path  will  usually  be  a  flashover  path  - 
which  defeats  the  whole  purpose  of  the  very  narrow  gaps  and  consequent  low 
inductance  inherent  to  the  solid  dielectric  switch.  Although  one  could  in¬ 
crease  the  flashover  path  sufficiently  in  principle  to  eliminate  the  flashover 
mode,  it  is  more  practical  to  overcome  this  behavior  by  purposely  weaken¬ 
ing  the  dielectric  in  one  or  more  spots  by  stabbing  it  before  insertion  be¬ 
tween  the  electrodes. 

Reference  (2)  describes  a  method  of  attaining  precise  and  repro¬ 
ducible  stabbing  of  polyethylene.  Sheets  of  stabbed  polyethylene  were  in¬ 
serted  between  electrodes  and  pulsed  by  a  capacitor  discharge.  The  self¬ 
breakdown  voltages  of  30-,  60-  and  80-mil  polyethylene  sheets  were  deter¬ 
mined  as  a  function  of  the  stab  depth.  These  data  are  reproduced  in  Figure  11.  1 
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which  sliows  self-breakdown  voltage  versus  the  thickness  of  material  remain¬ 
ing  beneath  the  stab.  It  is  interesting  to  note  that  care  was  taken  in  these 
tests  to  cover  the  stab  depressions  tightly  with  an  electrode  so  that  water 
from  the  surrounding  pulse-line  would  be  kept  out  of  the  depressions.  The 
depressions,  always  near  the  positive  electrode,  were  thus  filled  with  air 
which  broke  down  on  application  of  the  high  voltage  pulse,  thereupon  distort¬ 
ing  the  field  in  the  polyethylene  to  breakdown.  The  air  breaks  down  readily 
since  its  lower  dielectric  constant  causes  most  of  the  initial  stress  to  appear 
in  the  air-pockets. 

Stabbing  can  also  be  accomplished,  though  less  precisely,  in  situ 
in  dc  charged  switches.  A  deformation  is  caused  by  a  remotely  operated  ham¬ 
mer  or  weight  driving  some  sort  of  punch  or  tack  into  a  thin  copper  or  alum¬ 
inum  sheet  electrode,  eventually  causing  intrinsic  breakdown  in  a  very  small 
volume. 

11.2  Multi- Electrode  Switches 

A  solid  dielectric  switch  belonging  to  this  class  may  be  a  simple 
extension  of  the  hammer-and-tack  switch  described  above,  in  which  the  defor¬ 
mation  takes  place  between  one  electrode  and  a  midplane  trigger  foil  or  it 
may  utilize  one  or  more  electrically  or  explosively  triggered  intermediate 
electrodes. 

The  simplest  form  of  a  th ree-elechrode  solid  switch  is  shown  in 

Figure  11.2.  An  advantage  of  the  mid-plane  foil  is  the  growth  of  numerous 

channels  from  the  highly  stressed  edges  of  the  grounded  trigger  foil.  An  ex- 

(3) 

perimental  determination  of  the  number  of  channels  formed  as  a  function 
of  the  main  gap  ratio  implied  satisfactory  operation  for  0.3  <q  <0,  6  where 

q  =  y/(x  +  y) 

y  =  dielectric  thickness  between  trigger  and  ground 

X  =  dielectric  thickness  between  trigger  and  -V 
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These  tests  were  made  at  a  constant  5  kV/mil  for  4  mil  and  6  mil  mylar  in¬ 
serts.  As  the  stress  was  increased  in  the  range  3  to  6  kV/mil,  the  number 
of  switch  channels  was  observed  to  increase. 

The  same  switch,  triggered  by  a  capacitively  coupled  35  kV  trigger 
signal  rising  in  20  ns,  operated  with  a  delay  of  19.7  ns  and  jitter  <  +  10  ns  when 
used  to  switch  a  20  ij,sec,  1  ohm  stripline  charged  to  50  kV. 

A  detailed  account  of  solid  dielectric  switches  reported  between 

(4) 

1956  and  1966  is  given  by  Komel'kov.  Of  the  eight  references  cited,  which 
describe  triggering  schemes  such  as  exploding  wires,  explosive  detonators, 
electrodynamic  hammers  and  lasers,  only  one,  attributed  to  Komel'kov  and 
Aretov  in  1956  was  of  Soviet  origin.  Their  switch  utilized  a  ring  of  six  explo¬ 
sive  detonators  to  switch  1.  4  MA  at  40  kV  through  polyethylene  insulation. 

( 5) 

A  high  power  switch  has  been  described  in  which  the  mid-plane 
foil  (0,025  mm  thick  copper)  is  separated  from  one  main  electrode  by  the  prin¬ 
cipal  dielec+ric,  0.  5  mm  thick  polyethylene,  and  from  the  other  main  electrode 

by  a  thin,  pre-punctured  sheet  of  0.075  mm  thick  polystyrene.  The  puncture 
-4  2 

is  a  hole  of  5  x  10  mm  area.  Since  breakdown  of  the  switch  is  mainly 
attributed  to  explosive  pressure  generated  in  the  vaporization  of  the  trigger 
foil,  a  small  puncture  in  the  polystyrene  car  be  considered  more  effective  in 
concentrating  the  discharge  on  a  small  portion  of  the  foil,  thus  facilitating 
vaporization.  It  is  noted  that  the  explosive  pressux’e  so  generated  is  suffi¬ 
cient  to  puncture  the  polyethylene  even  when  no  voltage  is  impressed  across 
the  main  insulation, 

"  8 

This  switch  was  designed  to  satisfy  inductance  "equirernents  ~10  H 
and  has  closed  successfully  on  pulses  of  up  to  430  kA,  passing  170  coulombs  at 
40  kV.  Delay  times  in  the  microsecond  range  with  jitters  (standard  deviation) 
of  a  few  hundred  nanoseconds  were  observed.  Erosion  of  the  main  electrodes 
was  distributed  over  the  electrode  faces  by  changing  the  position  of  the  pre- 
puncture  in  the  trigger  insulation.  The  triggering  signal  was  directly  coupled 
between  the  foil  and  main  electrode  from  a  capacitor  discharge  producing  a 
300  kHz  signal  of  100  kA  peak  at  10  to  20  kV. 
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11.3 


Laser  Initiated  Switches 


Solid  dielectric  switches  can  also  be  triggered  by  means  of  a 

focused  high -brightness  laser  directed  in  a  coaxial  configuration  as  has  been 

described  for  liquid  and  solid  switches.  This  method  has  been  demonstrated 

(6) 

by  Strickland'  '  who  applied  dc  voltages  of  30  to  85  kV  across  gaps  insulated 
with  Lexan  and  Teflon  0.010  inch  to  0.020  inch  thick.  Currents  carried  were 
0.  6  to  1.7  kA. 

The  particular  breakdown  phenomena  which  control  the  solid  LTS 

<7) 

are  not  established.  The  self- focusing  of  the  laser  beam  due  to  non-linear¬ 
ities  in  the  dielectric  as  well  as  further  energy  deposition  in  the  resultant 
plasma  probably  has  some  effecd.  A  discussion  of  solid  dielectric  break¬ 
down  is  found  in  Section  6  and  reference  (8), 

Strickland  reported  delay  times  as  low  as  2  ns  with  jitter  of  +2  ns. 
A  transition  point  in  delay  was  observed  when  the  applied  voltage  was  45  kV 
across  10  mil  Lexan.  At  this  point  delay  jumped  discontinuously  from  10  ns 
to  the  microsecond  range.  Multichannel  switching  was  initiated  by  sandwich¬ 
ing  a  thin  foil  between  two  dielectric  sheets.  Laser-induced  breakdown  of  the 
first  gap  caused  an  overvolting  of  the  remaining  gap  which  disc  'ged  in  num¬ 
erous  channels  around  the  edges  of  the  foil,  similar  to  the  conventionally 
triggered  three-electrode  gap  described  in  Section  11.2.  Another  advantage 
of  the  grading  provided  by  the  sandwiched  array  is  an  increase  in  voltage  hold- 
off  for  a  given  switch  thickness. 

11.4  Design  Considerations 

Relatively  few  materials  have  been  widely  used  in  solid  dielectric 
switches.  Of  these.  Mylar  has  the  greatest  dielectric  strength  and  will  there¬ 
fore  allow  the  shortest  breakdown  gap.  For  example,  10  mils  of  Mylar  or 
60  mils  of  polyethylene  would  be  appropriate  for  a  150  kV  switch.  However, 
if  low  inductance  is  of  prime  importance,  it  should  be  noted  that  stabbed  poly¬ 
ethylene  can  he  made  to  break  down  in  enough  current- sharing  channels  to 

v 
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I'ompensaie  lor  its  increasetJ  thickness.  fri  the  event  an  automatic  feed 
(4  5) 

sysiem  '  is  desired  for  rapid  replacement  of  spent  dielectric,  a  flexible 
maierial  siich  as  polyethylene  or  Teflon  is  indicated.  For  applications  re¬ 
quiring^  precise,  machined  thicknesses,  clearly  a  rigid  material  such  as  Lexan 
or  polystyrene  is  required. 

Solid  dielectric  switches  can  be  used  wherever  fast-rising,  high 
currents  at  moderate  voltages  are  required  and  sufficient  time  is  available 
between  pulses  to  replenish  the  dielectric  and  trigger  foil  (if  used).  The 
sliort  gap  spacings  minimize  inductance  and  have  associated  high  field  inten¬ 
sities  which  reduce  the  resistive  phase  to  a  few  nanoseconds.  The  resistive 

phase,  t  is  given  for  solids  of  unit  density  (e.g.  polyetliylene)  by 
R 


where  Z  is  the  driving  impedance  in  olims 

E  is  the  applied  field  in  MV/i-m 

If  precise  synchronization  with  other  prior  events  must  be  accom¬ 
plished  an  electrical  or  LTS  triggering  technique  may  be  required.  Synchron¬ 
ization  with  later  events  may  be  adequately  achieveti  by  means  of  a  probe  such 
as  a  Rogowski^  coil  sampling  ilie  current  rising  in  the  switch.  In  the  latter 
case,  or  when  synchronization  is  unimportant,  the  simplicity  of  the  overvolted 
stab  switch  or  mechanically  initiated  switch  can  result  in  relatively  substantial 
cost  reduction. 
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SECTION  12 
VACUUM  SWITCHES 


-  5  -7 

The  additional  complexity  of  using  high  vacuum  (10  to  10  torr) 
processing  techniques  in  constructing  and  maintaining  vacuum  switches  can  be 
compensated  by  their  advantages: 

(1)  High  dielectric  strength, 

(2)  Rapid  deionization  time. 

(3)  Wide  voltage  range, 

(4)  High  current  capability, 

(5)  Low  inductance. 

(6)  Quiet  operation. 

Vacuum's  ability  to  rev.'over  its  dielectric  strength  is  compared 

with  that  of  N  ,  H  and  SF  in  Figure  12.  1,  The  ultimate  breakdown  voltage 
2  2  b 

of  a  vacuum  gap  depends  primarily  on  the  condition  of  the  electrode  surfaces. 
Since  the  surface  condition  varies  considerably  from  shot  to  shot,  as  much 
as  108%  in  Lafferty's  measurement,^^  it  is  not  practical  to  attempt  to  con* 
trol  breakdown  voltage  of  a  vacuum  switch  accurately  by  adjustment  of  the 
electrode  spacing.  Furthermore,  one  must  consider  the  effect  of  electrode 
roughening  on  voltage  holdoff  when  using  data  from  vacuum  breakdown  mea¬ 
surements  (Section  7  and  reference  (2>)  to  design  vacuum  switch  gaps. 

Although  most  of  the  commercial  switching  devices  described  in 
Section  8  operate  at  pressures  low  enough  to  be  properly  called  vacuum 
switches,  ihis  section  is  concerned  only  with  prototype  and  other  custom- 
designed  vacuum  switches.  The  particular  c:haracteristics  of  vacuum  inter¬ 
ruption  devices  (i.e,,  mechanically-opened,  normally- closed  electrodes  in 

(3) 

vacuum)  are  treated  in  Selzer's  review. 

Insulating  materials  integral  to  the  switch  include  synthetics  such 
as  Lucite,  Teflon  and  polyethylene  as  well  as  porcelain,  ceramic  aind  glass. 

The  exterior  of  the  gap  is  protected  from  ilashover  in  many  cases  by  immersion 


1  10  100  1000  10  000 
Tim*  trgm  current  lero.  microseconds 


Figure  12,  1  Recovery  strength  for  vacuum  and  gas; 
1600  Eimperes,  6.35  mm  gap,  gas  pressure  1  atmosphere. 
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in  oil  or  high  pressure  electronegative  gas.  In  general,  an  internal  spontan¬ 
eous  firing  of  the  switch  is  not  damaging,  whereas  external  flashover  is  usu¬ 
ally  catastrophic  for  sufficiently  large  currents. 

The  spark  gap  can  be  made  up  of  a  single  pair  of  electrodes  or  can 
be  partitioned  into  several  smaller  gaps  by  means  of  conducting  discs, 
especially  for  higher  voltage  operation.  Figure  12.2  shows  that  the  depend¬ 
ence  of  spontaneous  breakdown  voltage  upon  pressure  becomes  more  sensi- 

(4) 

tive  as  the  spacing  between  electrodes  is  increased.  Therefore,  high  energy 

switching  requires  adequate  continuous  pumping  of  out-gassed  material,  and, 

at  higher  voltages,  the  partitioning  of  the  anode- cathode  region  into  segments 

5  to  7  mm  wide.  Sectioned  gaps,  though  more  stable,  are  more  difficult  to 
(5) 

control.  A  sectioned  gap  is  illustratf^d  in  Figure  12.3. 

To  initiate  closure  of  a  vacuum  gap  one  must  supply  some  charge 
carriers.  These  may  be  injected  in  the  form  of  a  plasma  jet,  localized  spark, 
or  even  a  neutral  gas  which  becomes  readily  ionized;  or  the  carriers  can  be 
ubiained  from  within  the  gap  by  ix-radiating  its  electrodes,  discs  or  walls  with 
a  high-power  laser.  The  method  chosen,  as  well  as  the  details  of  its  imple¬ 
mentation  will  have  much  to  do  with  the  delay  and  jitter  in  switch  closure. 

Since  the  injection  of  neutral  gas  does  not  result  in  a  short  delay,  it  Is  not 
considered  further  except  in  connection  with  one  of  the  other  methods,  each 
of  which  is  discussed  in  the  following  three  subsections. 


12.  1  Spark- Initiated  Vacuum  Gap 

This  type  of  switch  is  similar  (and  in  some  cases  identical)  in 

form  to  the  trigatron  described  in  previous  sections.  However,  its  operating 

characteristics  are  substantially  different.  Although  few  studies  exist,  it  is 

( 5) 

established  that  delay  substantially  depends  on  gas  pressure,  polarity  of 

the  triggered  electrode,  spark  gap  voltage  and  igniting  spark  parameters. 

( 6) 

Hancox  has  measured  triggering  delay  in  spark  gaps  operating 
-3  -2 

in  the  range  10  to  3  x  10  torr,  a  region  in  which  residual  gas  (nitrogen) 
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Fipfure  12.2  Dependence  of  the  spontaneous  breakdown 
voltage  (Ug)  of  a  partitionless  spark  gap  on  the  initial  pressure  (pq) 
for  various  interelectrode  spacings.  1)  5;  2)  15;  3)  25;  4)  35  mm. 
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(3)  IZ3 

(4)  Esa 


ire  12.3  De.sign  of  sectioned  spark  gap. 

To  vacuum  system 

SFq  under  high  pressure 

Brass 

Teflon 


-484- 


molecules  can  supply  charge  carriers  once  they  are  ionized.  The  dependence 
found  for  firing  delay  time  versus  pressure  and  gap  voltage  is  shown  in  Fig¬ 
ure  12.  4.  The  trigger  device  was  a  1  mm  diameter  tungsten  wire  in  an  insu¬ 
lating  sleeve  1-mm-thick  set  flush  with  the  surface  of  the  negative  electrode. 
Delay  was  independent  of  the  polarity  of  the  15-kV,  100-ns  pulse  from  a  330- 
ohm  cable. 

More  detailed  measurements  on  vacuum  disc  switches  are  re- 

(7)  - 1  -  3 

ported  by  Aretov  et  al.  for  a  40-kV,  370-kA  switch  in  the  10  to  10  torr 

range.  The  effects  of  trigger  voltage  and  the  polarity  of  the  triggered  elec¬ 
trode  are  shown  in  Figure  12.  5.  Clearly  the  triggered  cathode  is  the  pre¬ 
ferred  mode  for  low  delay  and  jitter.  The  shorter  delays  encountered  when 
the  cathode  is  triggered  may  be  understood  from  the  fact  that  the  majority 
of  the  injected  electrons  are  accelerated  toward  the  anode  thus  developing 
the  avalanche  ionization;  when  the  anode  is  triggered,  on  the  other  hand,  a 
two-step  process  takes  place  in  which  the  cathode  is  bombarded  by  positive 
ions,  whereupon  sec;ondary  electrons  are  emitted  to  develop  the  avalanche 
and  the  small  plasmoid  injected  by  the  triggering  device  ultimately  closes 
the  gap. 

( 8 ) 

Cormack  and  Barnard  have  described  a  low-inductance  switch 
of  the  "trigatron"  form  which  has  been  used  as  a  crowbar  switch  with  one- 
nH  inductance  over  the  range  0.  5  to  254CV  and  up  to  500-kA.  With 
argon  filling  in  the  range  18  to  60  microns,  a  jitter  of  10  ns  was  observed 
for  a  positive  trigger  in  the  cathode,  and  the  delay  was  as  low  as  40  ns. 

Higher  current  switches  tiuggered  by  auxiliai-y  spark  gaps  have 

( 9) 

been  described  by  Hagerman  and  Williams  whose  7  5-kV  sectioned  device 

6  -4 

passed  10  A.  Maximum  chamber  pressure  was  5  x  10  torr.  Lifetime  of 

the  trigger  pin  was  50  to  100  firings,  and  that  of  the  main  spark  gap  was 

several  hundred  shots. 

A  non- sectioned  gap  developed  at  Leningrad  Polytechnic  Institute 
was  aged  (conditioned)  to  hold  off  200  kV.  This  switch  is  controllable  over 
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Results  with  nitrogen  in  the  high-voltage  gap  at  4  kV. 


(b) 

Results  with  nitrogen  at  a  pressure  of  10"2  niin  Hg 
in  the  high-voltage  gap. 


Figure  12.4  The  effect  of  pressure  and  voltage 
on  triggering  delay. 
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Figure  12.  5  The  delay  (t^  =  f(V))  in  the  firing  of  an  unpartitioned 
spark  gap  (d  =  35  mm)  as  a  function  of  Vq,  the  initial  voltage 
applied  to  it,  with  triggering  from  the  cathode  (continuous  curves) 
and  from  the  anode  (dashed  curves);  the  trigger  pulse  amplitudes 
were  -10,  -30,  and +40  kV.  The  base  pressure  po  in  the 
chamber  is  5  x  10' 3  mm  Hg. 


the  range  20  to  150  kV,  passing  2  MA  at  150  kV  when  continuously  pumped  to 
-5 

10  toi  r.  Ignition  is  accomplished  by  means  of  a  20  to  25  kV  spark  discharge 
which  passes  several  kA  across  the  polyethylene  insulation  between  the  core 
of  the  trigger  cable  and  its  host  electrode.  The  delay  and  jitter  depend  on  the 
operating  voltage  of  the  switch;  at  150  kV,  the  delay  is  no  greater  than  200  ^i,s. 
Repeated  operation  at  the  2  MA  level  requires  additional  voltage  conditioning 
to  operate  at  150  kV.  Below  the  100  to  120  kV  level,  repeated  aging  is  not  re¬ 
quired  so  long  as  the  repetition  rate  does  not  exceed  one  shot  per  5  or  10  min- 


12.2  Plasma  Injection 

-4 

This  type  initiation  is  usually  required  in  lower  pressure  (<10 
torr)  switches  which  are  unable  to  supply  sufficient  charge  carriers  in  re¬ 
sponse  to  the  stimulation  of  an  auxiliary  spark.  Characteristics  of  switch- 
/ 

ing  by  means  of  plasma  streams  depend  on  the  stream  velocity,  charged 
particle  density  distribution,  and  the  polarity  and  voltage  of  the  electrodes. 
Sometimes  a  longitudinal  magnetic  field  is  used  to  reduce  the  effects  of  the 
chamber  walls.  In  all  cases,  optimum  operation  is  achieved  when  the  high 
voltage  electrode  is  negative  and  the  plasma  stream  originates  at  the  grounded 
electrode. 

The  data  of  Azizov  and  Komel'kov^ '  ^\n  Figure  12.6  for  30  kV, 

400  kA  gaps  closed  by  plasma  jets  from  coaxial  injectors  shows  a  voltage 

dependence  of  time  lag  of  the  same  character  as  found  in  gas  filled  switches, 

namely,  the  delay  is  reduced  as  the  operating  voltage  is  increased.  Delay 

times  are  measured  from  the  entrance  of  the  plasma  stream  into  the  gap  to 

closure.  Depending  on  the  mass  of  plasma  accelerated,  the  total  delay  time 

from  injector  turn-on  is  200  to  400  gs.  For  voltages  below  2  kV  particle 

15  3 

densities  of  at  least  10  per  cm  are  required;  whereas,  at  higher  operat- 
13  3 

ing  voltages  10  particles  per  cm  would  suffice.  In  the  case  of  positive 
polarity  high  frequency  current  oscillations  are  observed  which  are  not 


Figure  12.  Variation  of  the  time  lag  of  the  discharge  with  the 
voltage  for  negative  (4)  and  positive  (2)  polarities  of  the 
high  voltage  electrode.  Ring  electrodes.  (3,  1)  The  same 
for  cases  where  electrode  II  is  represented  by  a  solid  disk 
and  electrode  I  is  a  disk  with  a  hole  of  diameter  6  cm. 
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present  with  negative  polarity  on  the  main  electrodes.  A  3  kOe  longitudinal 
magnetic  field  doe  snot  mitigate  the  polarity  effect. 

A  type  of  plasmoid-triggered  gap  which  has  already  been  devel- 

-7 

oped  into  a  sealed-off,  high  vacuum  (10  torn)  commercial  device  is  the 
triggered  vacuum  gap  (TVG)  first  described  by  Lafferty.  A  hydrogen  plas- 
moid  is  injected  into  the  gap  such  that  commutation  is  accomplished  by  the 
production  of  a  glow  discharge  which  rapidly  becomes  a  metal  vapor  arc. 
Titanium  hydride  provides  the  hydrogen  host  material.  This  ceramic  insu¬ 
lated  device  will  close  a  30  kV  main  gap  in  100  ns  with  30  ns  jitter  by  means 
of  a  10  A  trigger  signal.  For  dc  applications  it  is  best  to  set  the  positively- 
pulsed  trigger  in  a  recess  in  the  negative  main  electrode  (as  for  spark-triggered 
vacuum  switches).  Less  trigger  energy  is  requireti  in  this  mode  than  if  the 
trigger  is  isolated  or  connected  to  the  positive  electrode. 

Like  other  vacuum  gaps,  the  TVG  has  a  wide  voltage  range:  300 
to  3000  volts  for  a  0.086  inch  gap,  2  to  150  kV  for  the  7.R-7518  (obtainable  on 
special  order  from  General  Flectric  Company).  These;  switches  will  carry 
lO'sof  kA  and  have  been  constructed  for  operation  at  up  to  100  kA. 

12.  3  Laser-Triggered  Switch 

The  irradiation  of  electrodes,  discs  or  walls  with  a  high  powered 

laser  causes  the  explosive  emission  of  clusters  of  ionized  and  neutral  particles. 

( 5) 

Komel'kov  suggests  that  the  characteristics  of  vacuum  switches  initiated  in 
this  manner  would  have  much  in  common  with  injected  plasma  devices  and  that 
the  expected  delay  would  not  be  much  less  than  that  obtained  with  spark  igni¬ 
tion,  Vaporization  of  discs  and  insulating  walls  is  said  to  be  more  promising 
than  irradiation  of  an  electrode  but  would  require  one  or  more  discharge  tracks 
rather  than  a  point  burst.  The  necessity  for  very  high  power  lasers  and  rather 
special  optics  is  pointed  out.' 

Experiments  have  been  performed  by  Gilmour  et  which 

were  directed  toward  a  300  kV,  1  kA  vacuum  switch  having  a  duty  cycle  of 
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0.001  at  20  to  300  pps  and  a  1000  hour  life.  A  ruby  laser  (6942  and  a 

o 

pulsed  nitrogen  laser  (3371  A)  were  used  for  the  testing  of  a  20  kV,  10  MW 

prototype.  The  risetime  of  the  output  current  was  polarity  dependent:  ~1  tis 

for  a  negative  target  and  r^lOO  ps  for  the  positive  electrode  target.  The 

thrust  cf  this  researcl:  has  been  diverted  from  the  laser-triggering  aspects 

(12  13) 

and  concentrated  more  on  a  magnetically  quenched,  fast  opening  switch. 

12.4  Design  Considerations 

A  designer  chooses  a  vacuum  gap  when  he  needs  its  fast  recovery 
time  and  the  compactness  resulting  from  its  high  dielectric  .strength  but  has 
requirements  on  current,  voltage  or  timing  whic:h  cannot  readily  be  met  by 
commercial  devices. 

To  achieve  low  inductance  the  current  distribution  can  be  improved 
by  encouraging  the  current  to  flow  near  the  outer  boundaries  of  the  switch 
rather  than  allowing  it  to  become  compressed  in  a  small  channel  near  the 
switch  axis.  This  enhanced  current  distribution  can  be  attained  by  inserting 
a  dielectric  obstruction  in  the  center  of  the  cavity  which  forces  the  discharge 
path  to  have  a  larger  cross-section  as  it  travels  closer  to  the  outer  walls  of 
the  switch  cavity.  As  with  the  walls  the  choice  of  dielectric  obstruction  mate¬ 
rial  must  take  into  account  the  capability  of  the  pumping  system  to  hanr'le 
vaporized  material  as  well  as  the  degr'  (?  of  metallization  (see  below)  which 
can  be  tolerated  on  the  dielectric.  A  larger  current  ciistribution  is  also  en¬ 
couraged  by  an  increase  in  the  mass  of  gas  released  near  the  wall.s  as,  for 

(5) 

example,  when  a  narrow  slot  is  used  as  the  discharge  cavity  rather  than 
a  cylinder. 

Choice  of  materials,  both  conducting  and  insulating,  influences 
not  only  the  characteristic  operation  (as  for  slot  gaps)  but  also  the  life  of  the 
switch  and  maintenance  intervals.  Electrodes  are  damaged  mainly  by  non- 
uniform  current  distribution  which  can  be  reduced  somewhat  by  discouraging 
high  density  single  channel  discharges.  Long  life  requires  the  initiation  of 
multiple  channels  when  the  switch  is  used  to  discharge  more  than  40  to  50  kJ. 
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It  is  interesting  to  note  that  the  decrease  of  dielectric  strength  in 
spark  gaps  with  synthetic  insulators  is  not  due  to  the  precipitation  of  metal 
vapors  on  the  walls.  In  fact,  these  materials  themselves  vaporize  to  the 
point  that  a  gas  cushion  forms  on  the  surfaces  so  as  to  shield  them  from 
metal  vapor  deposition.  This  is  not  so  for  porcelain  and  glass  which  may 
become  metallized  at  large  currents,  except  when  relative  thermal  conduc¬ 
tivities  leave  such  insulators  hotter  than  the  conducting  surfaces,  thus  en- 

'  (5) 

couraging  the  precipitation  of  metal  vapor  back  on  the  electrodes.  It  has 

also  been  found  that  Teflon  is  less  ablative  than  Lucite  when  heated  in  a  dis- 

(8) 

charge.  The  presence  of  organic  matter  such  as  pump  oil  loads  to  the 
deposit  of  conducting  carbon  films  on  insulators  after  switching.  Therefore, 
the  use  of  cold  traps  or  oil-less  pumps,  turbopumps  for  example,  is  required. 

3 

Lifetimes  of  the  switches  described  in  reference  (5)  are  in  the  range  of  10 
4 

to  10  shots. 

Outside  tlie  Soviet  Union,  sectioned  vacuum  gaps  (Figure  12.3) 
are  widely  used.  Approximately  fi  to  R  kV  per  section  is  allowed.  Partition¬ 
ing  discs  have  aperture.s  c-overing  30%  of  their  area,  not  always  aligned  on  the 
same  axis,  so  as  to  avoid  total  breakdown  if  a  singh'  section  fires  spontan- 

(5) 

eou.sly.  Brass  and  .stainless  .steel  are  typical  electrode  and  disc  materials. 

Finally,  although  vacuum  gaps  do  not  present  the  explosion  haz¬ 
ard  of  high  pressure  gas  gaps,  the  rapid  acceleration  of  charged  particles  in 
the  vacuum  environment  results  in  radiation  from  which  personnel  and  sensi¬ 
tive  equipment  must  be  .shielded. 


« 
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SECTION  13 

GENERAL  DESIGN  CONSIDERATIONS 


An  attempt  has  been  made  to  discuss  and  summarize  all  factors 
relevant  to  dielectric  and  switch  design,  but  the  size  of  the  subject  makes 
some  omissions  likely.  With  a  few  exceptions,  the  dielectric  data  presented 
cannot  be  used  directly  for  design,  even  allowing  for  the  temporal,  area  or 
volume  effects  which  are  treated  at  some  length  in  the  text.  A  factor  of  safety 
should  be  applied.  The  size  of  this  factor  depends  on  the  application,  includ¬ 
ing  such  "considerations  as  the  significance  of  breakdown,  duration  of  opera¬ 
tion  and  so  on.  Where  available,  typical  operating  stresses  have  been  pro¬ 
vided  to  give  a  guide  to  factors  of  safety.  Examples  of  this  are  given  in 
Tables  4.  19,  4.  14  (gas),  6.  1  (solid),  and  Figure  7.  14  (vacuum).  Even  with 
this  data  care  has  to  be  taken  that  the  processing,  or  quality  control  that  per¬ 
mitted  these  values  is  not  overlooked.  For  example,  in  Section  5,  it  is  noted 
that  one  power  supply  manufacturer  designs  for  oil  stressed  at  100  kV/in 
positive  and  150  kV/in  negative.  This  value  is  for  degassed  (e.g.  vacuum 
treated)  oil,  and  not  all  supply  manufacturers  have  the  appropriate  facilities 
to  so  degas  their  oil,  nor  do  they  design  their  supply  tanks  braced  so  that 
they  can  be  evacuated.  The  data  presented  is  largely  a  compendium  from 
many  sources.  It  has  been  obtained  with  different  degrees  of  experimental 
care  and  should  be  treated  with  discretion.  The  designer  of  very  expensive 
equipment  should  assess  the  value  of  conducting  dielectric  tests  directly  re¬ 
lated  to  critical  aspects  of  his  design. 

We  have  noted  that,  in  general,  the  maximum  electric  field 
strength  determines  breakdown  voltage,  and  the  usual  design  philosophy  is 
to  minimize  intensification  beyond  the  uniform  field  value  V/d,  where  d  is 
the  distance  between  the  parts  to  be  insulated.  This  question  of  electric  field 
design  was  discussed  at  some  length  in  Section  2,  and  obviously  configuration 
is  important.  However,  it  is  worth  noting  that  from  practical  considerations 


oril.TUulion  of  tho  olc-otric  fiold  sysfom  can  also  be  .siynificari' .  As  an  '■I'-'am- 
|)1(;,  wt;  have  noted  earlier  that  the  presence  of  particles  can  have  an  adverse 
(;ffect  on  voltage  performance  in  a  hij^h  pressure  gas.  It  would  be  expected 
them,  that  for  low  frequency  operations  where  particles  have  sufficient  time 
to  move  in  tiie  field,  a  geometry  such  as  a  coaxial  line  would  jjerform  better 
with  its  axis  vertical  rather  than  horizontal,  i.e.  so  that  particles  are-  re¬ 
moved  by  gravity  from  the  inter-electrode  area,  and  there  is  evidence  of  this 
effect  in  practice.  The  use  of  perforated  screens  to  trap  particles  in  a  hori¬ 
zontal  coaxial  situation  is  one  approach  to  this  problem.  Another  example 
where  field  orientation  can  be  important  is  with  liquid  dielectrics  where  bub¬ 
bles  can  lead  to  a  low  breakdown  values.  Geometries  should  preferably  be 
arranged  so  that  bubbles,  if  any,  are  trapped  in  low  field  regions,  and  cer¬ 
tainly  not  in  high  field  regions. 

In  several  applications  of  high  voltage  technology  there  are  rela¬ 
tively  standard  approaches.  For  example,  broadly  similar  transformer  con¬ 
cepts  are  used  to  generate  power  frequency,  although  for  the  higher  levels, 
particularly  for  test  units,  a  choice  can  be  made  between  a  single  unit  or 
more  than  one  cascaded  units.  Similarly  for  dc  power  supplies,  although 
again  there  are  choices  with  regard  to  the  number  of  stages  to  be  used,  and 
particularly  at  the  higher  voltages, differing  approaches  to  generation.  The 
route  chosen  by  a  designer  is  intimately  related  to  dielectric  technology, 
biased  by  his  experience  and  the  resources  at  his  disposal.  The  same  biases 
obviously  exist  when  a  new,  unconventional,  design  problem  is  posed.  Gener¬ 
ally  more  than  one  approach  can  be  identified  as  being  practical,  and  deter¬ 
mination  is  usually  made  based  on  such  factors  as  cost,  size,  relative  sim¬ 
plicity  and  sometimes  development  time  -  depending  on  the  application.  For 
example,  an  airborne  system  imposes  restraints  not  existing  for  ground 
based  equipment. 

The  design  process  usually  starts  with  the  load  -  the  input  to  the 
•system  is  often  quite  flexible.  In  a  pulsed  power  situation  the  system  can 
usually  be  represented  in  general  by  the  blocks  shown  on  Figure  13.1.  The 


first  block,  representing  high  voltage  generation,  and  the  second  block,  repre¬ 
senting  primary  energy  storage,  can  be  combined  as  in  a  Marx  generator,  or 
reversed  as  in  a  pulse  transformer  with  primary  circuit  storage.  The  prime 
storage  is  usually  a  system  of  energy  stot-age  capacitors.  In  the  case  of  a 
Marx  generator  these  are  arranged  in  stages  which  are  charged  in  parallel 
then  erected  in  series  by  interstage  switches  which  are  effectively  switch  1. 
The  power  concentrator  is  typically  a  liquid  dielectric  capacitor  which  pro¬ 
vides  high  energy  density  because  of  the  high,  short  time,  dielectric  strength 
of  liquids.  The  need  for  high  energy  density  storage  when  fast  pulses  are  re¬ 
quired  was  discussed  earlier  in  Section  1.  A  peaking  capacitor  is  used  in 
some  applications  to  provide  fast  wavefront  energy  -  in  effect  the  peaking 
capacitor  is  "tuned"  with  the  inductance  of  the  prime  store  to  provide  the  re¬ 
quired  risetime  in  the  output  transmission  litie  or  load.  The  close  synchron¬ 
ization  of  switch  1  and  switch  2  is  of  particular  importance  where  peaking 
capacitors  are  used.  The  load  is  often  connected  directly  to  the  output  of 
the  power  concentrator.  Wliere  a  transmission  line  is  used  it  should  be 
borne  in  mind  that,  as  discussed  in  Section  1,  the  relative  figures  of  merit 
for  energy  flow  is  not  quite  the  same  as  for  energy  density  because  the  velo¬ 
city  of  propagation  in  the  medium  varies  inversely  with  the  square  root  of 
the  dielectric  constant.  The  third  block,  representing  a  power  concentrator, 
or  device  to  provide  wavefront  energy  such  as  a  peaking  capacitor,  may  not 
be  necessary,  depending  on  the  speed  with  which  energy  has  to  be  supplied 
to  the  load, 

A  variety  of  sophisticated  techniques  have  been  developed  to  gen¬ 
erate  high  pulsed  power,  and  their  utilization  is  intimjately  related  to  the  per¬ 
formance  of  various  dielectrics.  Useful  information  on  the  techniques  is 
contained  in  articles  by  Fitch  and  Howell, Martin, and  Moriarty  and 
Simeox,^^^  and  in  books  by  Frungel^^^  and  Mesyats.^^^  A  good  treatment  of 
the  subject  of  high  voltage  technology  encompassing  the  many  techniques  and 
incorporating  the  dielectrics  and  switching  information  provided  here  would 
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iiivulvu  inoi-u  uffort,  than  is  available,  and  that  will  be  left  for  later  authors. 

U  nwver,  as  a  guide  to  determining  suitable  concepts  it  is  useful  to  compare 
the  energy  densities  possible  with  the  various  dielectrics.  Table  13,1  pro¬ 
vides  information  on  maximum  energy  densi^-ies  based  on  the  breakdown 
strength  of  small  samples.  Operating  stresses,  in  capacitors  for  example, 
are  typically  an  order  of  magnitude  lower  (two  orders  of  magnitude  in  energy 
density).  Table  13.2  gives  information  on  some  of  the  more  interesting  mate 
rials  taking  account  of  area  effects.  In  this  case  the  active  volume  to  store 
100  kJ  is  given.  Compressed  gas  would  normally  be  used  in  a  coaxial  capa¬ 
citor  which  could  be  charged  to  mcgavolts  either  with  a  pulsed  or  continuous 
voltage  and  switched  at  one  end,  usually  in  the  same  gas,  into  the  load.  Oil 

or  water  would  typically  be  used  in  a  coaxial  geometry  either  as  a  simple 

(12  3) 

coaxial  line  or  in  a  Blumlein  configuration,  ’  *  and  Mylar  has  been  used 
in  strip  line  geometries  connected  to  give  megavolt  potentials  by  cascade 
switching  (Marx  or  multiple  Blumlein). ^ ^ 

Whereas  gas  or  liquid  insulated  capacitors  could  be  operated  clos 
to  the  stresses  in  Table  13.2  because  breakdown  is  not  normally  destructive, 
this  is  not  so  for  solid  dielectric  which  must  usually  survive  a  reasonable 
number  of  .'ihots.  Table  13.3,  clue  to  J.  C.  Martin,  takes  account  of  this  by 
stipulating  1000  shots  life  on  the  solid.  The  charging  time  duration  of  about 
1  usec  is  a  common  value  for  liquid  power  concentrators  charged  by  a  Marx 
generator. 

In  designing  for  fast  pulse  generation  and  transmission  it  should 
be  realized  that  the  dielectric  constant  e  can  be  frequency  (and  field)  de¬ 
pendent,  although  this  is  not  usually  a  significant  factor.  Reference  6  sum- 

marii'  ,*s  measurements  on  the  complex  permittivity  and  permeability  of 

2  10 

more  than  600  dielectrics  for  a  frequency  range  of  10  to  2.  5  x  10  cycles 
per  second,  and  for  temperatures  up  to  500°  C. 

Finally,  some  comments  on  switches  for  pulsed  power  and  their 
integration  in  systems.  The  previous  sections  have  described  a  range  of 


Table  13.1  Energy  densities  in  dielectrics. 


Dielectric 

2 

Freon  at  9,5  kg/cm  pressure 
2 

SF„  at  14  kg/cm  pressure 

°  2 
N  and  CO  at  84  kg/cm  pressure 
2  2  2 
Hexafluorine -nitrogen  at  84  kg /cm 
,  2 

Helium  at  84  kg/cm  pressure 

Transformer  oil 

Silicones 

Hydrocarbons 

Distilled  water 

Ba-Sr  Titanates 

Impregnated  paper 

Polystrene 

Mica 

Lucite 


e  r 

E  (V/M)' 

3 

W(  joule /cm  1 

5  X  lo"^ 

0.011 

1 

6  X  lo"^ 

0.  016 

5.  5  X  lo"^ 

0.013 

~  1 

6.7  X  lo"^ 

0.  02 

1.7  X  lo”^ 

0. 0013 

7 

..,-4 

2.2 

0.9  X  10 

1.78  X  10 

7 

.„-4 

2.8 

1. 3  X  10 

4.75  X  10 

2 

11  X  lo'^ 

0.  1 

80 

3.  Ox  lo'^ 

0.  4 

1800 

10^ 

0,79 

2.23 

1.2  X  10® 

0.  14 

2.  56 

3.  1  X  10® 

1. 08 

3 

1. 6  X  10® 

0.  34 

3 

4  X  10® 

2.  19 

^■‘Based  on  measured  breakdown  strength  of  small  samples.  Actual  gradients 
and  energy  densities  obtainable  in  capacitors  using  these  dielectrics  are 
considerably  lower. 


-499- 


Table  13.2  Active  volume  of  dielectrics  for  100  kJ. 


Dielectric 

lx. 

SF  (100-300  psi)^ 

1 

2 

Mylar  (0.  006  mm) 

3.2 

Mylar  (0.25  mm)^ 

3.2 

Oil^ 

2.2 

H  O(atmos.  press.) 

80 

4 

H  O  ( 100  atmos. ) 

80 

E  (V/M)  Active  Volume 


25  X  10® 

36 

5  X  10^ 

0.03 

3  X  10^ 

0.08 

~4.0  X  lo"^ 

/v7.0 

7 

~1.  5  X  10 

.^1.0 

~5.0  X  lo"^ 

^0.  1 

1.  It  is  likely  that  the  stress  of  25  MV/M  ever  the  surface  area  required  for 
100  kJ  at  megavolt  potentials  could  be  achieved  with  relatively  slow  pulse 
charging  at  pressures  in  the  middle  of  this  range. 

2.  This  is  an  average  breakdown  stress.  Useful  stress  for  reasonable  life 
would  be  much  less  (see  Table  13.3). 

3.  Effective  charge  time  1  u,s. 

4.  Based  on  latest  experimental  work  as  reported  in  the  supplement  of  this 
report. 


Table  13.3 

Active  volume  of  dielectric  for 

100  kJ  (after  J.  C.  Martin). 

Plastics 

Polythene 

42  M® 

(1000  shot  life) 

Mylar 

t.  7 

Lucite 

11 

Tedlar 

12 

Liquids 

Oil 

~10 

(1  uS  charge) 

Water 

1 . 5  (uniform  field) 

Water 

0.  4  (high  negative  field) 
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devices  for  the  commutation  of  high  voltage  in  a  variety  of  environments  with 
a  wide  choice  of  operating  parsimeters.  The  tradeoffs  and  options  available 
in  an  individual  design  exercise  may  be  quite  numerous. 

Commercial  devices  such  as  the  hard  and  soft  switch  tubes  have 
been  in  service  for  many  years  in  radar  systems,  particle  accelerators  and 
similar  applications  requiring  a  high  degree  of  reliability  and  long  operating 
life.  Vacuum  interrupters  are  in  service  in  ac  power  distribution  systems 
where  very  high  reliability  takes  precedence  over  operating  precision. 

Extremely  high  voltages,  in  the  multimegavolt  range,  are  switched 
with  maximum  precision,  speed  and  reasonable  reliability  by  means  of  high- 
pressure  gas  switches.  Most  of  the  operating  EMP  systems  and  an  experi¬ 
mental  high- resolution  radar  use  gas-insulated  switches  quite  satisfactorily. 
Although  it  is  often  advantageous  to  switch  in  the  saime  dielectric  medium  as 
the  energy  store,  the  precision  with  which  gas  switches  can  be  controlled  can 
result  in  an  operating  efficiency  which  justifies  the  engineering  of  a  gas  switch 
within  a  liquid  energy  store,  as,  for  example,  the  Neptune  facility  at  Ion  Physics 
Corporation  and  the  Gamble  installation  at  the  Naval  Research  Laboratory. 

Liquid  dielectric  switches  are  often  preferable  ip  low-impedance 
systems  which  can  be  pulse-charged  and  utilize  overvolted  operation.  Oper¬ 
ating  lifetimes  are  decidedly  minimal  because  of  erosion  of  electrodes  and 
general  wear  due  to  shock-wave  generation.  Very  fast  risetimes  can  be 
attained  in  low-impedance  PFN's  by  means  of  the  peaking  gap  technique.  Fre¬ 
quent  repetition  of  switch  closure  is  usually  not  practical. 

For  very  high  current  transmission  on  a  single  shot  basis,  espec¬ 
ially  in  a  stripline  configuration,  the  solid  dielectric  switch  has  been  used  with 
success.  These  are  restricted  to  applications  which  allow  ready  accessibility 
between  shots  for  obvious  reasons.  It  would  be  hard  to  imagine  a  less  expen¬ 
sive  switch  capable  of  such  low-inductance,  high  current  commutation.  They 
have  found  use  in  weapons  simulation  equipment  as  well  as  more  commer¬ 
cially  oriented  magnetic  forming  equipment. 


Perhaps  the  most  complicated  of  the  non- commercial  devices  are 
the  vacuum- insulated  switches.  However,  they  possess  high  current  cap¬ 
ability  and  remarkably  wide  operating  voltage  ranges.  Their  rapid  deioniza¬ 
tion  time  is  of  value  for  repetitive  operation  well  above  the  range  of  gas- 
insulated  switches  and  for  applications  requiring  quick  opening  -  as  needed 
with  inductive  energy  stores.  These  switches  have  been  used  in  a  number  of 
CTR  applications. 

In  conclusion,  we  have  found  the  quantity  of  information  available, 
on  the  subject  of  dielectrics  in  particular,  almost  overwhelming.  The  con¬ 
densation,  collation  and  assessment  given  in  these  volumes  provide  a  founda¬ 
tion  for  a  succeeding  effort  on  high  voltage  and  pulse  power  technology,  which 
may  be  deemed  desirable.  But  that,  fortunately,  is  another  story. 
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